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SUMMARY
A statistical thermodynamic approach proposed 
by Salmon for nni-bivalent and uni-tervalent cation ex­
change reactions has been applied successfully with the 
introduction of an empirical correction factor into the 
selectivity expression. The use of such an empirical 
factor is justified. From the equilibrium experiments, 
the thermodynamic equilibrium constant (InE^), the addi­
tional energy term ( oO ) and the standard free energy of 
exchange have been evaluated. The enthalpy of exchange 
( AH^)- hay been obtained by caTorimetric measurements
The influence of concentration and cross-linking of the 
exchanger on the heat of exchange have been studied and 
the experimental data reported. The influence of diffe­
rent coions on selectivity is sKowa.
A remarkable and quite universal relationship 
between selectivity ( and the water content of the
résinâtes has been obtained for the uni-bivalent and uni- 
tervalent systems with four different cross-linkings; 
also the water content of the résinâtes in the potassium 
form falls on the point corresponding to a standard free 
energy of exchange of zero ( A = 0). This correlation 
is found to apply equally well with anion exchange reac­
tions carried out previously in these laboratories. Such 
correlation lends support to the theoretical approach 
used in the present work.
3The additional energy t e r m , is dependent on
the external electrolyte concentration and also on the 
cross-linking of the exchanger.
With the data obtained for uni-bivalent cation 
exchange reactions, it was possible to predict bi-biva- 
lent exchange reactions. The agreement found between the 
predicted and experimental values again supports the 
validity of the model employed.
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1:1 Selectivity.
One of the most important properties of ion 
exchange is the preference shown by the exchanger for one 
species with respect to another. It is called "selectivity".
The selectivity phenomenon is quite complex and 
it is difficult to-evaluate all the different factors 
causing it. In spite of this, the amount of work that has 
been devoted to it has led to an understanding of some of 
the mechanisms involved.
Electroselectivity.
One of the main causes of selectivity is electro­
selectivity which is a consequence of the effect of diffe­
rence of charges of the counter ions. Considering a 
general ion exchange reaction, with the resin initially 
in the A form, in contact with A and B counter ions in the 
solution phase; the ion exchange equilibrium can be expressed 
by the following equation:
where barred formulae refer to the species in 
the exchanger phase, and and z_ are the valencies
of the ions A and B respectively. Applying the mass action
relationship, without activity correction to equation(1:1:1)
Bthe selectivity coefficient, K , is obtained.
A
10
Where
K B = (A) ^(B) ^ ....2
which in terms of equivalent ionic fraction is:
B (C)’^
f  (xg) ( 0P
where ^
C is the total ionic concentration in the 
solution.
0 is the volume capacity of the exchanger, 
n = 0 for uni-univalent exchange systems, 
n = 1 for uni-bivalent exchange systems, 
n = 2 for uni-tervalent exchange systems.
From ( 1:1:3 ), the following relation is obtained.
..g (Xg)^^ (0)“
— ^  = K • — L  . ---- 1:1:4
(x^) ® ^ (x^) ® (C)'"
It is evident that in uni-univalent ion exchange processes 
x-n depends on K and x^ ; but in uni-multivalent systems
11
îïg will depend also on - the concentration of the solution, 
being inversely proportional to it; thus the uptake of the 
B ion by the exchanger will be greater on decreasing the 
external electrolyte concentration, on increasing the charge 
of the ions B and also on increasing the volume capacity,
Be Solvation of Ions as a Factor in Selectivity.
The complex nature of the water molecule, shown 
by many of its properties, such as higher boiling point, 
decrease of the molar volume on melting, high dielectric 
constant, etc., were attributed by CHAB^WELL (1) to associa­
tion. The formation of hydrogen bonds between the water
liter
molecules, as proposed by LATIMER (2) wasAaccepted. BARNES 
(3) proposed the tetrahedral hydrogen bonding in ice. 
Several theories attempting to explain the water structure 
have been developed on the basis of different models, but 
most of them were not able to explain the anomalous beha­
viour of water in comparison with other solvents. BERNAL 
and FOWLER (4) replaced the ice model by one based on a 
structure similar to quartz which was not widely accepted 
because of the rigidity of the model. A useful approach 
was that of FRANK and WEN (3), who on the basis of experi­
mental data proposed a new model of the water moelcules as 
"flickering clusters" in which the cooperative nature of 
cluster formation and relaxation is related to the partially 
covalent character which is postulatedfor the hydrogen 
bond. They proposed the resonance scheme for the hydrogen
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bond in water. NEMETHY (6), after pointing out the advan-
tages of the Prank and Wen model, developed a statistical 
thermodynamic treatment which is not able to explain all 
the complex properties of water, but is able to explain 
most of them, and is corroborated by spectral data. These 
authors have mentioned some discrepancies found between 
the calculated heat capacity and the observed values. The 
most relevant approach reached by Nemethy has been the 
agreement between the calculated values for the thermody­
namic functions and the experimental values. In spite of 
the recognised success of the statistical treatment,
KAVANAU (7) in his review pointed out that the problem 
about water structure is still a matter for discussion.
The degree of hydration of an ion is a function 
of the charge of the ion, size and electronic structure; 
being proportional to the charge of the ion and inversely 
proportional to its size. If the ion is very small and the 
charge is large, they can break up the water structure and 
the water molecules will be arranged around the ion. VASLOW 
(8) mentioned that in some cases the ion fits in the water 
molecule without breaking its structure to an appreciable 
extent. Usually, however, the interaction between the ion 
and water molecule is very strong and the result is ionic 
hydration. FRANK and ROBINSON (9) have shown the different 
influences of the ions on the water structure on the basis 
of differences between tne partial molal entropy of water 
in the solution and in pure water..
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Another approach leading to an understanding of 
the hydration process is the evaluation of the hydration 
number which is related to crystal and hydrated radius of 
the ions and to which different values have been reported 
by different authors. FRANK and EVANS (10) suggested that 
from the values of the entropies of hydration of the ions 
it is possible to deduce whether a "breaking down" or 
"freezing or saturation" of the water molecules had occurred, 
and this depends on the size and charge of the ions, as ' 
mentioned previously. HASTED (11) investigated the influence 
of different ions on the dielectric constant of water and 
his conclusions support those of FRANK and EVANS (10). All 
tnese factors lead to complications in understanding ion 
exchange behaviour.
GHU,WHITNEY and DIAMOND (12) pointed out that the 
water in the exchanger phase is less "structured" than in 
the external solution. Due to the confines of the matrix it 
is altered and broken down so that large ions can be pushed 
into the resin by the highly "structured" water in the solu­
tion phase to form as suggested by DIAMOND (13) a kind of 
"water structure enforced ion pairing".
Earlier theories of ion exchange took into account 
the influence of the -ionic radii and volume of the hydrated 
ions in order to explain selectivity. They were based on 
the assumptions that large hydrated ions will cause higher 
swelling pressures than the less hydrated ones; because the 
elastic matrix will have to stretch more with a large hydrated 
ion than with the less hydrated one, but because of its
14
elasticity it will tend to contract, trying to resist the 
expansion to which it is forced and this,it can do more 
effectively by taking up the smaller ions rather than the 
larger ones. These predictions seem to be true in some 
cases (14). KRE88MANN and KITCHENER (13), working with uni- 
valent systems found a linear relationship between selec­
tivity and 1/a° , aP being the distance of the closest 
approach of the ions as defined by the Debye Huckel treat­
ment. BONNER and PAYNE (16) determined the equilibrium 
thermodynamic constants for some univalent ions in exchange 
with lithium for exchangers of 80 (DVB) nominal cross-link­
ing, reporting that the order of selectivity was related 
to the maximum uptake of water of the résinâtes in their 
respective ionic forms. They extended the treatment (17) 
to exchangers with different cross-linking and the same 
trend was obtained.
ELETT and MEARS (18) in their work on uni-biva­
lent and uni-tervalent systems with Dowex 30 exchanger, 
attributed the preference for ions of higher charges to 
changes in the total configurational entropy, as the ex­
change takes place ; but they did not give information 
about the different selectivities for ions of the same 
charge.
The theoretical approaches of ion exchange have 
involved the assumption that all the sites of the exchanger 
were equally selective. WALTON (19) showed that K ® 
decreases as the ionic composition, x^ , in the exchanger
- 1 3
increases and attributed the effect to having more than 
one chemically distinct type of exchange group. SPINNER 
(20) observed the same trend, but attributed it to the 
different environment of the sites of exchange. It is 
worth mentioning the explanation given by REICHENBERG (21).
He proposed that, for the same resin, differences are 
found due to the effect of non-uniformity of the cross- 
linking of the exchanger; he then divided the sites of 
exchange into three groups - (a) Those in which the fixed 
groups are found in regions of lower cross-linking (low 
selectivity ); (b) Those in which the fixed groups are 
found in regions of medium cross-linking ( higher selec­
tivity ) and (c) Those in which the fixed groups are found 
in regions of high cross-linking, in which case highly 
hydrated ions would experience difficulty in getting close 
to the fixed group. He also pointed out that , if enough 
type (c) groups are present, inversion of selectivity is 
possible. MYERS and BOYD (22) showed that discrepancies 
are found at higher cross-linking with uni-univalent systems 
concluding that organic exchangers are not homogeneous and 
possibly that more than one ionogenic group could be involved 
in them. Later, the non-uniformity in the cross-linking was 
recognised by GLUECKAUE (23) who tested it through measure­
ment of diffusion coefficients, indicating that the experi­
mental answer gave a good indication of the non-uniformity 
of the cross-linking. In an attempt to decide its origins 
he assumed that it may be initiated in the early stages of 
the polymerisation process.
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ZUNDEL (24) has studied the infra red spectrum 
of polystyrene membranes’, the deviations of the charac­
teristic bands when the sulphonic groups are introduced 
into it, the interaction between the sulphonic groups, 
the ion-ion and ion-water interactions and finally, the 
attachment of the hydration water inside the exchanger.
He concluded that the hydrogen bridge links the water 
molecules with the sulphonic group with an intensity which 
depends on the nature of both the anion and cation.
C. Inter-ionic Interactions as a Factor in Selectivity.
Selectivity will be affected by interactions 
between the coion and the counter ion in the solution.
This interaction may be due to association or complex 
formation; the distinction between association and complex 
formation being that in the first case electrostatic forces 
are involved and in the second case covalent bonds are 
involved. As a consequence of such interactions the number 
of free ions will decrease resulting in lower activities. 
Since the activities of the various exchanging ions will 
be affected to different degrees, selectivity will conse­
quently be affected.
The concept of association or ion-pair forma- 
tion was introduced by BJEERUM (23), jt . is based on the 
•/'acè that, "Wken Iwo ion$ of oppo,si.-be pres^ni .
i n  s o l u l i o / \  , - t h e r e  be a  kipol  oj m u t u a l  -^tr^ ction whfCh
if strong enough depending on the distance between each
other, will cause them to remain together in spite of the
17
interactions v/ith the solvent molecules. In his theory he 
considered a central ion A and peripheral ions of opposite 
charge B, then by increasing the radial distance between 
them, he calculated that there is a possibility of B ions 
meeting A ions; but at the same time, the volume of the 
shell will increase. The combination of these two effects 
gives a distance at which the probability of meeting of 
ions of type B on the sphere around the central ion is a 
minimum which distance he designated q. On this basis, he 
classified ions in which the radial distance is less than 
q as "associated" and ions in which the radial distance is 
larger than q as "free". His concept, although a subject 
of much discussion, has been a valuable contribution to 
the understanding of the behaviour of many electrolytes.
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1:2 Ion Exchange Selectivity Expressions.
If an ion exchange reaction as represented by 
equation (1:1:1) is considered, it may be represented 
graphically in the form of an ion exchange isotherm 
(Eig.1,p.19 ); where x^ is the equivalent ionic fraction 
of B ions in the resin and Xg is the equivalent ionic frac­
tion of B ions in the solution. From the isotherm it is 
possible to obtain the different selectivity expressions.
a
a
B (x^)(xg)
A (Xg)(X^)
This is the expression obtained by dividing the 
concentration ratios of the ions A and B, in the exchanger 
and solution. The numerical value does not depend on the 
concentration units and it is also not affected by the 
valencies of the counter ions A and B.
(b) Selectivity Coefficient.
This represents in a quantitative way the relative 
ionic compositions in both exchanger and the solution phases 
Qn incorporating activity coefficient terms in the aqueous 
phase in equation (1:1:3), the corrected selectivity coef­
ficient is obtained.
19 -
FIG.1
ISOTHERM OF ION EXCHANGE
1
X
1.00 X B
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i.B (x^) ®(xg) ^ (C)“
This represents the selectivity of the exchanger 
phase only, referred to an ideal state where no selectivity 
exists. Now, if interactions in the exchanger phase are 
corrected for by introducing activity coefficients in the 
exchanger phase, as suggested by BIGHORN (26), then all 
selectivity is removed and
A
.
■ „B f.
Therefore, K = ——  (1:2:3)
°A
Unfortunately there is no way of evaluating 
fg'^  without extrathermodynamic assumptions.
(c) Distribution Coefficient, X
This is the ratio of the amount of B ions in the 
resin to the amount of B ions in the solution. It is generally 
expressed for the limiting case where x^ —-4- 1 and x.— -> 1,
and is more useful for practical applications; particularly 
in relation to distribution of tracer concentrations of ion B.
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(d) The thermodynamic equilibrium Constant,
It is important to distinguish between the
"R
selectivity coefficient,E and the thermodynamic equi-
A
librium constant, . The former represents only one point 
of the exchange isotherm, whereas the larter represents an 
integral quantity for the whole isotherm and is a true 
constant which depends only on temperature. Its numerical 
value depends on the choice of the standard state.
The thermodynamic equilibrium constant,Km can 
be expressed as ”molal thermodynamic constant” or "rational 
constant". In the first case, the molal scale is used in 
both exchanger and external solution-phases ; the reference 
state is a solution of infinite dilution in which case the 
activity coefficient is unity, the standard state is a 
one molal solution and selectivity is reflected through 
the activity coefficients which are given by the deviation 
from one molal. In the second case, the exchanger is taken 
as a solid solution of,the résinâtes in their respective 
forms in equilibrium with water - representing both the 
reference and standard state. The rational scale is kept 
for the ion exchanger and the molal scale for the external 
solution. Thus, activity coefficients are small corrections 
for the experimental conditions, and tne equilibrium cons­
tant reflect the selectivity of the exchanger with respect 
to the counter ion.
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1:3 Theoretical Approaches to Ion Exchange.
The known theories on ion exchange can be divided 
into (i) The rigorous thermodynamic approach which requires 
no assumptions with respect to the mechanism of ion exchange 
but does not give any information about the physical causes 
of the phenomenon and (ii) The use of a model to help under- 
stand some aspects of ion exchange behaviour. Several ap~ 
proaches have been developed by combinations of these two. 
Thus, KIELLAND (27) and VANSELOW (28) who proposed the 
earliest models of ion exchange applied it to heterionic 
forms of zeolites, by using the mass action relationship 
and rational activity coefficients in the solid. In this 
treatment changes in water content and sorption of electro­
lytes were neglected. The final expression is :- ,
InEg = ln\g + ■ + I n T z  (1:3=1)
where In^K^ = Logarithm of the rational thermodynamicB
equilibrium constant.
^AR ^BR ” Mole fraction of A and B species in the
exchanger.
 ^A = Ratio of activity coefficient of species 
Y .
A and B in the external solution.B
Eg ~ Selectivity Coefficient.
- 2 3
Other approaches based on the Donnan effect have 
been developed such as that of GREGOR (29). His final 
expression is given by
+ I’" )
— -  n A
YA TB
(1=3:2 )
z. = Valency of the species i.
• -, Vg = Partial molar volume of the species i.
Y B  = Ratio of activity coefficients in the
YA resin phase
Y A = Ratio of activity coefficients in the
YB solution phase.
n = Swelling pressure of the matrix of the
exchanger.
BAUMAN and EICHORN (26) proposed that selectivity 
was reflected in the first two terms, the pressure term 
being very small. GREGOR (29,30,31) considered that this 
was not enough to explain selectivity.. He took into account 
solvation of the ions; assuming that the system behaved 
ideally, except for solvation, he obtained the expression
InK^ = (^  = 3 = 3 )
where Vg and v^ are the partial molar volumes of the species 
A and B solvated in the exchanger.
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GLUECKAUP ($2) after reviewing the theories 
proposed at that time, predicted ion exchange equilibrium 
by measurement of the water vapour sorption of the mono­
ionic forms A and B of the exchanger to obtain their res­
pective osmotic coefficients, 0^^ and 0g^, this in turn 
led to activity coefficients Tpp of the résinâtes
AR, and BR by using the semi-empirical equation
In ~  = 2( - 0gg ) ('1:3-A )
Ybr
GLUECKAUE and IVAT'TS (55) developed a technique 
for the measurement of electrolyte uptake by ion exchange 
membranes similar to resins from very dilute solutions.
They concluded thatADonnan law was not followed and that 
this was due to the fact that the exchanger is not "homo­
geneous" and it cannot be treated as a single phase. They 
further suggested that all previous theories (29,50,31,52) 
based on the Donnan effect needed modification. EREEMAN 
(349 showed that with spherical ion exchange resin beads 
the deviations are much less.
BONNER,DAVIDSON and ARGEN8INGER (33) proposed a 
formal thermodynamic treatment in which they neglected 
invasion of coions into the exchanger. The expression they 
obtained is
IriKg
r 1
InK .dK„ (1:3:5)
0 a -B
where is the thermodynamic equilibrium constant, obtained 
by graphical integration.
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GAINES and THOMAS (56) considered Bonner's 
approach together with others as incomplete; they then 
formulated the most "rigorous" thermodynamic approach in 
which the effects of the solvent and invasion of coions 
were taken into account. The Gibbs Duhem equation was ap- 
plied to the rational equilibrium constant and the follow­
ing relationship was obtained.
lnK,j = | +
,1
InE^dNg
o
( 1 :5 :6  )
where z. = Valency of A ion.
Zg = Valency of B ion.
n. = Number of moles of A ions in the resin phaseI
= Number of moles of B ions in the resin phase 
P = Vapour pressure of the pure solvent.
P = Vapour pressure of the solution.
Another approach based on Coulomb's law was
obtained by PAULEY (57) in which the expression is
InK B = ^  ( 1 _ r  ) . (1:3: 7)
^A kDT a° a^
a. = Distance of the closest approach between
species i and the fixed ionic group.
D = Dielectric constant.
e = Electronic charge.
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RICE and HARRIS (58) postulated a model taking 
into account a series of interactions in the exchanger 
such as the electrostatic repulsion between the fixed groups 
attached to the matrix of the exchanger. This model has been 
applied to medium and higher cross-linked exchangers and 
to univalent systems only. A series of assumptions were made 
and qualitative agreement has been found in some cases.
The equation they obtained is as follows:-
gA * ng/(N+ng)
B 1 + iig/(N+ng) / (G^/GB+I)
(1:3: 8)
where K.^ = The intrinsic dissociation constant of
the ion pair iR.
C- - The concentration of species i in the
external solution.
N ■= The total number of sites in the exchanger.
= The number of ion-paired fixed ionic groups.
JENNY (59) and later DAVIES (40) , in the study 
of exchange of colloidal aluminosilicates, applied a sta­
tistical thermodynamic treatment to their model.
BARRER and EALGONER (41) developed a successful 
statistical thermodynamic treatment for uni-univalent cation 
exchange reactions in zeolites. This treatment was based 
on the idea that deviations from ideal selectivity as shown
27
by a sigmoidal isotherm can be explained by the involvement 
of an additional interaction energy term when two univalent 
ions occupy adjacent sites in the exchanger. They did not 
give a specific origin to the B-B interaction which in their 
model played an important role and they did not take into 
account interactions between A-A or A-B pairs or between 
any ion and "random vacant sites" in the exchanger. Further- 
more assumptions were made in order to minimize the complex 
calculations involved. After setting up the grand partition 
function as described by FOWLER and GUGGENHEIM (42), this 
was then differentiated with respect to the number of ions 
present and by using the Gibbs Duhem equation for the reac- 
tion at equilibrium the final expression obtained was:-
In  ^ V  ^ /^A~A b , ®A"^B .
__ +
Xg.XA ^B kT NkT'
(1:5:9 )
where x^ = The ionic fraction of species i in solution,
x^ = The ionic fraction of species i in the
zeolite.
yu? = The standard chemical potential of species 
i in the solution.
E^ = Energy of ion i in the zeolite.
N = Total number of exchange sites.
N^ = Number of species i in the zeolite at 
equilibrium.
= An energy term related to interaction energy 
of two neighbouring B ions in the zeolite.
( jO
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BARRER (4-5), later extended this treatment to 
polyvalent exchanges in zeolites with some refinements.
SALMON et. al. (44) adapted BARRER and EALCONER'8 
(41) treatment to ion exchange resins. They evaluated the 
statistical weight factor and energy of interaction as 
applied to uni-bivalent systems, obtaining the following 
equation
I f-n L. Ü)
InK^ , = InK^ + (1:3:10)
B £a
where, is the thermodynamic equilibrium constant and 
f(x^) is a function of x^. In this model the bivalent ion 
B is considered as "dumb-bell" shaped with a symmetrical 
distribution of the charges. SALMON (45) replaced this by 
one in which one end of the dumb-bell is doubly charged 
and the other end uncharged, resulting in the following 
expression:-.
-
Inicp. 7" = + I n f  - ,(1:3:11)
A B
where, 0 is the volume capacity of the resin' and C is the 
total ionic concentration of the solution. A similar treat­
ment extended to uni-tervalent systems was carried out by 
SALMON (45.) who obtained this equation:-
/ f ^ ?■R A P 00
InK^^.j- = InK^ + In ^  gj- %%
(1:3:12)
29
'To allow for the effects of non-uniformity of 
resin cross-linking BOYLAND,IRVING and SALMON (45) intro­
duced an empirical correction factor in the last term of 
equation (1:3:11), so that it becomes
lnK^®.n = inK^ + Inf - ['1+A(xg-XA)+B(xg-XA)^+C(Xj5--XA)^]
('1:3:13)
where A,B,and C are constants.
In the present work, equation (1:3:13) above is 
used for uni-bivalent exchanges with the constants A,B and 
G equal to unity. A similar correction factor is used for 
uni-tervalent exchanges systems, so that the equation used 
is as below:-
f 2
A £) U
(1 :3 :14)
—  50 — '
1:4 Purpose of the present Work..
The theory used in the present work has been 
applied mostly to anion exchange systems (44,46,47,48).
With respect to cation exchange only the uni-bivalent 
system - potassium-alkaline earth exchanges (49) - have 
been carried out. This is now extended by looking at the 
behaviour of some transition elements ( Co,Ni,Gd,Zn ) in 
exchange with' potassium at different external electrolyte 
concentrations and with resins of different cross-linkings 
in order to evaluate the effect of these two-variables on 
the thermodynamic properties of the ion exchange reactions. 
Determinations of the heats of exchanges by a calorimetric 
method have also been carried out.
Agreement between the standard heats of exchanges, 
A Undetermined calorimetrically and those obtained by the 
van’t Hoff isochore method were found in previous work (46, 
48,49). These were done to corroborate the validity of the 
present model. As the calorimetric method of determining 
A nnis more accurate, this was the method used here to 
determine . the heats of the ion exchange reactions,
Information available from the literature indicates 
that sulphates of bivalent metals are appreciably associated, 
association is also reported for chlorides but nitrates of 
bivalent metals are usually completely dissociated. On this 
basis the work was extended to uni-bivalent systems with 
different coions i.e., sulphates, chlorides and nitrates; 
in order to evaluate the variation of the apparent thermo­
dynamic properties when association is involved.
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A series of tervalent systems La^^,[ Co(en) ]
[ Co(NH^)g] in exchange with potassium have also been 
studied, and applied to the selectivity expression derived 
by SALMON (45) for uni-tervalent systems. This has not 
until now been corroborated by experimental data. Even on 
the basis of other theoretical approaches, very little is 
reported on these systems.
Finally, some of the results obtained have been 
used to predict ion exchange equilibria of some bi-bivalent 
systems and these have been checked experimentally as a 
further check on the present model.
SECTION 2
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2:1 Theoretical Approach used in the present Work for 
Uni-Bivalent Ion Exchange Reactions.
A. A uni-bivalent ion exchange reaction may be
represented in a generalised form by the following equation:-
21+ + B^+ B^+ + 2A+ (2:1:1)
where barred formulae refer to the.species in the exchanger 
phase. The model used here can be visualised as consisting 
of a network of exchange sites linked together in a three 
dimensional elastic matrix. Each exchange site of a cation 
exchanger contains a fixed negative group attached to the 
matrik compensated by counter ions of opposite charge , 
capable of exchanging with cations present in the external 
solution. If each exchange site is initially occupied by 
one univalent cation A"^ , then, for each bivalent ion B^"*" 
coming into the exchanger two univalent ions,A^ are displaced 
Thus, each bivalent ion will occupy the two sites left by 
the univalent ones. The bivalent ion is regarded as dumb­
bell shaped, in which the charge distribution can be in 
either of two extremes. One possibility is that in which 
one end of the dumb-bell is doubly charged and the other 
end uncharged. This is equivalent to the doubly charged 
ion occupying one exchange site with an adjacent one left 
vacant to preserve overall electrical neutrality. The other 
possibility is one in which the ion is considered as two 
point charges, one at each end, in other words with a 
symmetrical charge distribution. This provides a simpler
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model but overlooks the fact that the.ions are essentially 
spherical and not elongated in shape. In the assymetric 
case, there will be, when the charges of the fixed ions 
are taken into account, an excess charge of +1 at the 
doubly charged end and an excess charge of -1 at the un­
charged end. These excess charges will be reduced by dis­
tortion of the resin matrix to minimise the charge separa­
tion which, therefore, may to a first approximation be 
neglected. The real situation is probably intermediate 
between these two extreme cases. Both models have been used 
(44,45,46,47,48,49).
The assymetric one is one that occurs in some 
crystalline exchanger (50) in which case it is justified; 
but both of them lead to similar types of equation with 
the exception of the value assigned to the additional energy 
term arising from two B^ "^  occupying adjacent positions.
In the present theory some assumptions have been 
made in order to minimise the complication, of the calcula­
tion and these are set out below:-
(a) When two B ions enter adjacent positions in what is 
initially an A**" rich resin matrix, an additional change 
of the energy occurs.
(b) The corresponding term is neglected when an ion A*^' and 
an ion B^ "^  occupy adjacent sites, relative to the refe­
rence state when two A"^  ions occupy adjacent sites.
(c) The change of energy is additive with respect to the
2+  ' 2+number of B -B pairs, independent of their distri­
bution.
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(d) The distribution of the ions is random. If the inter­
actions are small, this assumption is satisfactory.
(e) The solvent content of the exchangerremains essentially 
constant as the exchange takes place, such changes as 
do occur in the water content arise mainly from the 
different states of hydration of the ions which parti­
cipate in the exchange process.
The derivation starts by setting up the grand 
partition function Q, as described by FOWLER and GUGGEN- 
HEIM (42). .
/ E 7 ’a ( E„
Q = kT ) • kT ) *
(2 :1 :2)
where g(N^,N^) = Statistical weight factor.
'aN. = Number of ions of the type in
the exchanger.
24-Ng = Number of ions of the B type in 
the exchanger. 
jj^ (T) = Partition function of type A"^' ion in 
the exchanger at temperature T. 
jg(T) = Partition function of type B^ "^  ion ii
the exchanger at temperature T.
E^ = Energy of the ion A"^  in the exchanger
matrix relative to the reference state
2rEg = Energy of the ion B in the exchanger 
matrix relative to the reference state
-  36 -
E = The additional energy arising from 
the presence of one adjacent pair
P ,
of B ions.
Qg = Partition function of the resin matrix,
It is necessary to evaluate both the statistical 
weight factor and the additional interaction energy term E,
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B. The Statistical Weight Factor, g(N^,Ng)
Defining N as the total number of exchange sites,
it is necessary to establish the thermodynamic probability
associated with the locating of A"*" and Ng B^ "^  ions
in the resin matrix at equilibrium. In a uni-bivalent ion
exchange process and for a fully loaded resin N = N. + 2Ng.
To evaluate the statistical weight factor, the placing of 
2+the Ng B ions is considered first.
The first of the Ng ions of the type B^ *^  in an 
A^ matrix will occupy any of the N exchange sites, the 
uncharged end of the dumb-bell shaped B^^ will occur at 
any of the Z sites, where Z is the average number of nearest 
neighbouring exchange sites to any given site. Then, the 
first ion and its associated vacant site can be located in
ZN ways into the structure. In this way Ng identical B2+
ions and their associated vacant sites can be located into 
the exchanger in
ZN(N-1)z(N-2)(N-5) . . \ . z(N-2Ng+2)(N-2Ng+1)
(N-1) (N-1) . . . . (N-1)
ways or
(r-i F b ~  ^
The above expression must be divided by Ng! as each B^^ 
ion is identical, then the statistical weight factor is
S(HA,NB)
Z
(N-1)
* —  (2:1:4)
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The remaining sites can be filled by the A" ions only in 
one way and the thermodynamic probability is
Z
(N-1).
NB Ngl
NglN^!
(2:1:5)
Since N »  1, equation (2:1:5) can be written
Z 
■ N
B
(2 :1 :6)
C. Evaluation of the Interaction Energy,E.
In the grand partition function the additional 
energy term is the product of the interaction energy for 
a single pair and the number of B^ '^ -B^ '*' pairs in
the exchanger. Furthermore, in the exchanger with N, ions 
of the type and Ng ions of the type B^**", there will be 
two more possible interactions and they are (i) those bet­
ween one bivalent B^^ ion and univalent ion A"^  and 
(ii) those between univalent ion with univalent ion A^-A^.
The additional energy term has not been attri­
buted to any specific causes, but it should include contri­
butions from interaction of the bivalent ions with the fixed 
groups attached to the resin matrix, and the resultant 
distortion and swelling pressure effects; also the electro­
static repulsions. The electrostatic repulsions are not 
supposed to be the principal causes because the charge of 
the ions may be located over large solvation spheres and
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the resin matrix. For that reason the energy associated 
with (i) and (ii) are considered to be small; whilst if 
electrostatic considerations are taken into account as 
main causes, the energy associated with and A^-A*
should be considered. If A"^  represents the potassium ion 
K'** and the A'^ -A'^  interaction is arbitra rily ; fixed as zero
2+ 2+(as is initially assumed) then the magnitude of the B -B 
and A’^'-B^ ’*’ interactions can be considered with reference 
to the A’^’-A'*’ interaction. Whilst interactions between A*^  
and B^ *^  have been considered by SALMON ( 45),. only the 
interaction energy for B^^-B^^ pairs will be considered
here.
2+Considering any bivalent ion,B" there are only
(Z^l) possible positions in which another bivalent ion will
be located as a nearest neighbour, since one of the ,Z sites
is occupied by the uncharged end ( or vacancy ) of the
first bivalent ion. There then remain (Ng-1 ) B^ "^  ions,
(Ng-1) vacant sites and N^ A"^  ions to be located. In order
to simplify the mathematical treatment it is assumed that
2+
the probability of any one of these three species, B , 
vacancy or A"^. occurring at one of the ( Z-1 ) sites around 
the bivalent ion considered depends on the proportion of 
each species available. This assumption ignores the fact 
that when the number of bivalent ions in the matrix is low 
these ions will not try to locate in adjacent sites because 
of the additional energy associated when they do, but whep 
the number of bivalent ions in the matrix is high, the 
incidence of pairs will increase. This will be
40
‘B
If, 1 and N 2, the expression will be
considered later on with non-uniformity of the cross-
linking of the exchanger. After this simplification, the
single ion B^ "^  will have (Z-1 ) (Ng-1 )/(N-2) other
2+ions as nearest neighbours. Therefore, for Ng B ions 
there will be B^(Z-1 )/2(N-2) pairs of B^ '^ -B^ '^
B^
(Z-1)Ng
2N -
p ,
If the additional energy arising when two B . ions which 
occupy adjacent sites is 2W/(Z-1), then the total 
interaction energy = (energy for each pair)(number of 
pairs). .
Substituting the statistical weight factor given
'I
p
by equation (2:1:5) and the interaction energy term N^4)/N
into equation (2:1:2), the grand partition function Q 
becomes:-
Q - t S  • . Q^exp-îil
(2:1:7)
Taking logarithms of both sides gives:-
InQ = NglnZ - NglnN■+ InN! - InN^! - InNgi + N^lnj^(T)
N.E. H E W
. + + R^l^j^(T) + ,   + lnQ.p — ------
kT 25 kT . ïïkœ
( 2 :1 :8)
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On applying Stirling’s approximation, InNi = NlnN - N 
and reversing the signs, the above expression becomes
—InQ = —NglnZ ~ (N^ -fNg)liiN + Ng + N^lnN^ + NglnNg —
.N.E,- N„E n|(A
HAlnj^(T) - -^7^  - Hglnjg(T) InQg -
(2:1:9)
Now, -InQ = 0 ^  and (-y§p ) = /^± , the chemical 
potential of species i.
Differentiation of equation (2:1:9) with respect to the
, P-f
number of ions of each type (A" and B“ ) present gives 
the expressions for the chemical potentials of A*" and 
ions in the resin respectively. Thus,
. (2:1:10)
 ^■= ( - r i p ^  L = 2 -
A
E„ 2N^W
kT + NkT (2:1:11)
Assuming that the chemical potential of the counter ions 
and the solvent remain constant, the condition for equi­
librium is
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2/1^ t ytig = 2yu.^  + yug (2:1:12)
and o
/"i  ^ A i
kT kT
+ Ina^ (2:1:13)
yüj^  5 yUj^  and yu9 are the chemical _ potentialwhere
of the species i in the resin, the chemical and standard 
chemical potential of species i in the solution respec­
tively; a^ is the activity of species i in the solution. 
Substituting equation (2:1:15) into equation (2:1:12) and 
rearranging the following expression is obtained:-
f A v L  . f A v i  + in j  ■ (2:1:14)
kT kT
Substituting equations (2:1:10) and (2:1:11) into equation 
(2:1:14) and rearranging leads to the following expression
j^{T) kT kT
- --2-- (2:1:15)
NkT
N.Now —  = X .  , X. being the equivalent fraction of
N ^ ^
ions A in the exchanger.
2N
and •    = x_ , x-p being the equivalent fraction of
N . ^
ions B in the exchanger.
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Also, a. = [A"^ ]f^  ^ where is the activity coefficient 
of A"^  in the solution. This in terms of equivalent frac­
tion is a^ = x^.C.f^
[A+] [ A+]
Since x. = --- - ------ g— = — —
^ [A+] + C
Hence, [A'*'] = x^.G , where x. is the equivalent frac­
tion of A ions in the solution, C is the total concentra­
tion of the solution in equivalents per litre.
Similarly, a^ = Xg.fg«C/2 , where fg is the activity
coefficient of B ions in the solution and Xg is the
2+,equivalent ionic fraction of B in the solution.
Thus, equation (2:1:15) when expressed in molar quanti­
ties using the aoove relationships becomes :-
g  Qb A A-Ln -j—p— — —--- = ±n —p" +---- :---  + ------
x^.Xg.fg RT RT
+ InZ — '—  « x^ ) (2:1:16)
RT
1Addition of In ^ to both sides of equation 
(2:1:16) , where 0 is the volume capacity of the exchanger 
(eq./l.) , leads to the expression:-
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In
x^.Xg.fg.0 Q•A RT
+
n P OP P 
RT
+ InZ
ln0 0)
RT
XB (2 :1 :17)
Or, InE
fZ 
B 2â
'■A 4
InKg + In ^ X
RT
B (2 :1 :18)
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2:2 The Effect of non-uniform Cross-linking on the 
• Exchange Process.
From equation (2:1:18) a plot of InE
against Xg should be linear, with an intercept at
Xg = 0 of lnK^+ln0/G and a slope of H^RT, but this
is not always the case in the uni-bivalent ion exchange
systems. The non-uniformity of the cross-linking of the
exchanger has been discussed in section 1 (p.15 ) with
special reference to the work of REIGHENBERG and McGAlTLEY
(21). It has also been shown that in practice, a) varies
&PP-
with the cross-linking (4?). It is related to the presence 
of regions of low and high cross-linking in the exchanger. 
It may reasonably be expected that W  will vary with such
p^p‘
changes in cross-linking, As x-p— > 0, w  therefore tends
Ato have less than the average value, since as x-n increase
from zero B -B pairs will occur first in regions where 
w  is lowest. The average value of w obtained experiment­
ally is likely to occur in the region of half exchange
when x^ = Xg , and higher than the average values of co
2+ 2+will occur when B -B pairs occur as Xg — >1. A 
similar problem will arise from the non-linear relation-
g g
ship between the number of B -B pairs and the number
of B^**" ions present. When the exchanger carries a small
number of B^ "^  ions, these will avoid locating in adjacent
sites because of the additional energy associated with
such pairs wdth the consequence that the value of to will
-&PP-
apparently be lower than average. When the exchanger
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carries a large number of ions, there will inevitably
g g
be a high number of B -B pairs, with a consequently 
high value of w . Such effects have been taken into account 
by introducing in the equation (2:1:18) an empirical cor­
rection factor and the final expression is given by
+ (Xt3-X,)^■B A-
(2 :2 :1)
The empirical correction factor in the square
brackets varies from 0 for Xg - 0 up to 4 for Xg = 1
and has a value of 1 at Xg = 0.5. The use of this correc­
tion term will be examined in more detail in the Appendix
section.
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2:5 The Standard Free Energy, Enthalpy and Entropy of 
Exchange - their Evaluation.
In order to evaluate the standard free energy 
of exchange, it is necessary to know the thermodynamic 
equilibrium constant. From equation (2:2:1) a plot of
Ing'^.f^/fp against the empirical correction factor should
C^ A B
be linear which it is (see results and discussion section
p. 112) with an intercept at Xg = 0 of lnKg+ln0/C and a 
slope of A/RT. Then InKg = Intercept-ln0/C and 
W = -RT.Slope.
The free energy change accompanying an ion 
process is related to the corresponding thermo­
dynamic equilibrium constant Kg , by the equation
a G° = - (2:3:1)
z.Zp = 2 for uni-bivalent systems.
Also, the standard free energy is related to 
the entropy and enthalpy of the exchange by the thermo­
dynamic relationship
AG° = AH° - TA S° (2:3:2)
The enthalpy of exchange has been evaluated by 
calorimetry.
The standard stare of the resin phase is the 
résinâte AR or BR in equilibrium with water.
The standard state of the solution phase is 
defined as that of activity equal to one.
48
2
2:4 Evaluation of the Activity Coefficient Term
The mean values of this activity coefficient 
ratio for the ions in solution have been calculated by 
the Davies equation (51)
/ / T  \
- log f^ = Az^z^^ - 0.51 j
(2:4:1)
Equation (2:4:1) can be rewritten as follows:-
- log f^ = AZxjZgf(I) (2:4:2)
where I is the total ionic strength and A.is the Debye-
Hiickel factor which depends on the temperature.
The ionic strength I is given by
n g
I = 0.5 c,.zt (2:4:5)
ikl ^ ^
Where Zg is the charge of species i and Cg is the concen­
tration of species i in moles per litre.
In a solution containing AX and BX^ electrolyte 
dissociated into their respective ions, for electrolyte AX
AX --> A+ + X“ (2:4:4)
Then, 21og = log f^ - + log (2:4:5)
Multiplying equation (2:4:5) by 2
41og f^^x = 21og f^ + 21og (2:4:6)
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In a similar way for electrolyte BXg
BXg ---> B^+ + 2X“ (2:4:7)
and 51og = log fg + 21og f% (2:4:8)
—  2
Subtracting equation (2:4:8) from (2:4:5) gives
L ax - 5iog - = 2iog - log fg
, (2:4:9)
Substitution into the left hand side of this equation 
the expression for
41og f^Ax = - 4.A.f(l) (2:4:10)
and 51og f+g^ = - 6.A.f(I) (2:4:11)
—  2
which are both derived from equation (2:4:2) by the 
appropriate substitutions yields the equation
• 2
log = 2.A.f(I) (2:4:12)
The Davies equation is generally applicable to 
solutions of molarity 0.1 or less. In the present studies 
of uni-bivalent systems this has been applied up to con­
centrations of O.OpM.
Furthermore, for electrolytes of the type A^Y 
and BY, it can similarly be shown that equation (2:4:12) 
is equally valid.
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2:5 Treatment of Uni-Tervalent Ion Exchange Systems.
A. A uni~tervalent ion exchange reaction may be
represented in a generalised form by the following equi­
librium:-
W  + 3A+ + (2:5:1)
Each exchange site is again initially occupied 
by one monovalent cation, then for each ion coming into
the exchanger, three univalent ions are displaced. In the 
treatment used here each ion is assumed to have two
adjacent exchange sites vacant in order to balance the 
electrostatic charge. The total number of exchange sites 
will be N = + 5Ng.
Setting up the grand partition function as 
defined by equation (2:1:2), the evaluation of the statis­
tical weight factor and the additional energy due to
pairs are carried out in the same way as given for 
the uni-bivalent systems.
B. Evaluation of the Statistical Weight Factor.
The first B^"*" ion will occupy any of the N sites 
of exchange and the two vacant sites associated with it 
can occur in any of the Z and (Z-1) sites. Thus, the first 
ion and its vacancies can be located in any of Z(Z-1)/2 
ways into the structure, the two vacant sites being equi­
valent.
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The total number of ways in which N identical 
ions and their vacant sites can be located is given
by:-
® W(H-1)(N-2) (N-3)(N-^)(N-5)
. .
2 ®  (H-1)(N-2) (N--1)(N-2)
( V 5 ) ( V 2 ) ( V ' ) . ' l  Vo...,.\ y y
(N-1)(N-2) Ng:
Since N 2 >> 1 the above expression can be
rewritten in the following way:-
, o N:
S Z(Z-1)/2N^  ^ (2:5:5)
 ^ B*
G. Evaluation of the Additional Energy,E.
As before, the additional energy term is the
3+ 3"*"product of the interaction energy,in this case for B -B 
pairs,and the number of these pairs in the exchanger. The 
same simplification is used as for the uni-bivalent system. 
If the A^-B^^ were not important in uni-bivalent systems, 
interactions A'^ -B^ '^  are still less in uni-tervalent sys­
tems.
Considering any tervalent ion, there are only 
(Z-2) possible positions in which another tervalent ion 
can be located, since two of the Z sites are occupied by 
the two vacancies left for the tervalent ion.' The possi- 
bility of a tervalent ion occupying any one of these
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(Z-2) sites will be (Ng-1)/(N-3). Then, each tervalent
ion is a partner in (Z-2)(N^-1)/(N-5)2 pairs,
or,since Mg >  1 and N >  3, in (Z-2)Ng/2N
pairs. If the additional energy resulting from the occur­
rence of each B^^-B^^ pair is 2w/(Z-2), then the
total additional energy will be /N.
Substitution in equation (2:1:2) of the expression for 
the statistical weight factor (2:5=5) and the interaction
p
energy N u)/N, the grand partition function becomes:-
m ^ A "F
-M^cJ
QgOxp NkT (2:3:4)
By following the same procedure as before; 
differentiating the grand partition function with respect 
to the number of ions of each type present and deriving 
the chemical potentials, the following expression is 
obtained:-
Z h  = (-iÿjnl) . -InM + 1 + InN. Inj.(T) - E./kT
(2:3:3)
kT ' "A •'Mg
Z m   ^ (_xnsai) = zcz-i) _ +2 +1 +inN
k T  '■ “ b  '’ n ^  2  B
-lnjg(T) - Eg/kT + 2Ng:J/kTN
(2:5:6)
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In the case of equation (2:5:1) the equilibrium condi-
tion is
V h _ l A B   ^ V h _ l / h  + (2:5:7)
kT kT
Substitution of equation (2:5:5) &nd (2:5=6) into 
equation (2=5:7) and rearranging gives:-
in ^  j  = in + inifTZ + !s2 ! a
h| ®-B j^XT) kT
+ /dlvtfA _ ^^B'^ (2:5:8)
kT NkT
N. 5Mg _
Now, —  = X .  and   = x^
N N
Also, a^ ™ x^.f^eG and a^ —  ^«x-g.f^.G
Thus, writing equation (2:5=8) in terms of molar quan-
p
titles and adding 1/0 to each side it becomes:-
1. y V - V k !  . 1. . 1. %  , i£2f* *
_ 2in0 _ 2JÈ_. (2:5:9)
RT 5RT
p5 2
Or, InKy.zpA = inlC + In ^  5 (2:5:10)
°A  ^ 3RT ^
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Eor the same reasons explained in section 2:2 with 
respect to uni-bivalent systems, an empirical correction 
factor has been also applied to equation (2:5=10) which 
becomes:-
, f^ 2
(Xg-X^)^ ] (2:5:11)
p p
Thus, InK^ = Intercept - ln0 /C . The standard free 
energy of exchange for the uni-tervalent systems have 
been evaluated by using equation (2:5:1) and the standard 
entropy of exchange by using equation (2:5:2).
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2:6 Evaluation of the Activity Coefficient Term, k' B.
The procedure is the same as for uni-bivalent 
systems (section 2:4). In a solution containing electro­
lytes AX and BX^ dissociated into their respective ions
AX — 5- A+ + X" .
and 21og = log + log (2:6:1)
Multiplying equation (2:6:1) by three gives
61og f^^% = 51og f^ + 51og f% (2:6:2)
And for BX^   ^ B^^ +. 5X
and 41og f^g% = 51og f% + log fg (2:6:5)
- 5
Subtracting equation (2:6:2) from (2:6:5)
f5/
61og f^Ax - 41og f^gx = log A/fg (2:6:4)
. - - 5
As 61og f^^^ = - 6.A.f(I) (2:6:5)
and 41og f^g% = - 12.A.f(I) (2:6:6)
“ 5
Substituting (2:6:5) and (2:6:6) into (2:6:4)
5
log A/fg = e.A.fd) (2:6:7)
In the uni-tervalent systems the Davies 
equation has been applied up to concentration O.l/M.
Any error introduced can be neglected.
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2:7 Treatment of predicted Bi-Bivalent Exchanges. .
Considering two uni-bivalent ion exchange 
systems as represented by the generalised equations:-
^2+ + 2A+ 2Â+ + 0^+ (2:7:1)
and 25+ + B^+ ■ ^ ?A+ + 5^+ (2:7:2)
Addition of equations (2:7:1) (2:7:2) gives
0“+ + C^+ + B^+ (2:7:3)
The expression for the reaction (2:7:1) 
terms of selectivity is
I n h f c d c T  = -InKg + ^ . 5 ^  (2:7:4)
and for reaction (2:7:2)
in = InK - ^  - (2:7:5)
where and are the thermodynamic equilibrium
“C B
constants and ^ ç, and u) ^  are the interaction energy
terms referred to the right to left reaction of equation 
(2:7:1) and the left to right reaction of equation 
(2:7:2) respectively.
57
Addition of equations (2:7=4) and (2:7:5) gives the
following expression:-
Xp,eX.Qcfp n _ —
In = -InKm + InEm +
XQ.Xg.fg ^0 RT ^ RT
(2:7:6)
Substitution of Xg = 1 - (by definition) in
equation (2:7:6) leads to the expression
x ^  o X-Q o f/Cl ^  B
In ^ = - InKm + BnKm -   +
XQ.Xg.fg c B RT
■ + -c( 4 §  + 4 § )  ("=7=7)
Or
XpoX^.fp lb g _ ( b Q *^B)
In r-   = - --- + %c( -RT + -RT )
X p . X B . i g  E  ( 2 : 7 : 8 )
where = -InE^ + InK^
■^ E C B
x^.x^.f^ _
Hence a plot of In  -------  against Xq
XQ.XR.fB
should give a straight line of intercept InK^ ,^  ^- ‘^g/RT
and slope of  ^ ^ q/RT + ^^/RT )" Erom this graph
• X^ n • Tp
the y axis will represent In.  -----—  and the x axis
XQ.XR.fB
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Xç. Thus, for any chosen value of x^, the corresponding value
Xp»X-r)«fp
of In 22^ — 2— R can be read off. Erom a plot of In
Xç.x^^fg ^
against x^, one can also obtain the In value for the
^Bchosen x^ value, hence In —  can be evaluated. Erom an-L/
other plot of In-^ against x_ one can therëfaf# obtain x^.
. ^ B
Knowing x^ and x^, the isotherm can be drawn. The results 
obtained can be. checked experimentally.
f /fAccording to the Davies approach "G' B = 1 , 
hence this term may be ignored. Eurthermore, since all the 
ions in the exchanger are now bivalent ones, then if it is 
assumed that B^+-B^+ , B^^-G^+ and G^^-G^^ interactions 
are all of comparable magnitude then none of the factors that 
led to variations of lO with change in Xg are now signifi­
cant and the correction term is no longer applicable.
SECTION 3
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5:1 Calorimetry.
The evaluation of the heat of exchange can be 
carried out from selectivity data for a range of tempera­
tures or by direct calorimetric measurement. The former 
case has been employed successfully and some information 
has been reported in the literature.
KRÂUSS and RARIDON (52) have studied the exchange 
of a series of cations with the hydrogen-form of a resin 
over the temperature range from 0 to 150 G and for the same 
cations in exchange with the sodium-form of the same resin 
for the temperature range from 0 up to 250°G. The upper 
temperature limit was chosen in both cases on the basis of 
the stability of the exchanger.
SALMON and his co-workers (46,48,49) have utilised 
both methods to evaluate the heats of exchange of cation 
and anion exchange systems and the agreement found was satis­
factory. As the calorimetric method is more accurate, this 
method is used in the present work.
A. The Calorimeter.
The type of calorimeter used in this work is a 
non-isothermal calorimeter. This and its associated electric 
circuitry have been fully described (55,54). It is intended 
here only to give a brief description. PIG.2 (p. 61 ) is a 
diagram of the calorimeter and PIG.5(p. 62) and PIG.4(p. 62 ) 
show the associated electric circuits.
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The calorimeter itself consists of a pyrex vessel 
of 100ml. capacity, the neck of which is attached to the 
lid of a jacket B, made of chromium plated brass. A strong 
glass pin is located in the centre of the bottom of the 
reaction vessel. The stirring system consists of a gold 
stirrer which also serves as an ampoule holder and which 
passes through the neck. This combined stirrer and holder 
is joined to the stirring shaft by a teflon sleeve in such 
a way that the glass ampoule can be broken by pushing down 
the holder against the glass pin without interrupting the 
stirring. The glass ampoule (1«5.x1cm.) is made of ;., very 
thin glass, capable of being easily broken, so that the 
main body of the ampoule remains in the holder after break­
ing it, thus reducing the possibility of extra heating.The 
reaction vessel contains on each side two glass pockets D^j 
and Dg, one with a heating coil submerged in transformer 
oil and the other containing a thermistor this also is sub­
merged in transformer oil. By means of a five pin Cannon 
plug, both of them are connected to the external circuit. 
The brass jacket, with the calorimeter inside it, is im­
mersed in a thermostat bath where,by means of a TRONAC 
precision thermostat, the temperature is controlled to 
25^+0.001^0. A mercury in glass thermometer calibrated in 
hundredths of a degree is used to observe the bath tempera­
ture. The heating coil is connected to the electrical 
calibration circuit (PIG.3) and by means of a variable 
series resistance, R_, the current across the heater can be 
adjusted. A stabilised 20vDG power supply balanced current
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across the dummy heater, R^, which is equivalent in resis­
tance to the heater, Rg. On closing the double pole switch 
the current is diverted through the heater. The potential 
drop across the standard resistance (100 ohms) in series 
with the heater is measured with a potentiometer, the current 
flowing through the heater can thus be accurately measured.
B'o Water Calibration.
In order to check the accuracy and constancy of
the calorimeter, the water calibration procedure was carried
out as follows. The calorimeter vessel was filled with 100ml*
~ oof water and the temperature brought to just under 26 C, it 
was then placed in its brass jacket ensuring that the system 
was well enclosed to avoid any entry of water from the bath 
in which it was immersed. The stirrer was then switched on 
and the whole system left to reach thermal equilibrium for 
about twenty minutes. A split second stop-watch was started 
(t ) and the time required for successive drops of 0.02ohm 
in resistance was recorded, this was continued for five 
minutes afterwhich time (t.) the heater current was switched 
on and the potential drop across the standard resistance 
was measured. Also during this heating period, a few read­
ings of resistance and time continued for another five minutes.
A typical plot of resistance against time is shown 
in PTG.3(p. 63 ) this ,in fact, represents heat changes taking 
place in a typical calorimeter experiment of this kind anJ 
be divided into three stages
(i) The pre-rating resistance time stage,from t to t^•
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(ii) The variation during the reaction itself or 
during electrical heating t. or t^.
(iii)The post-rating resistance-time stage.
By extrapolation of the pre-rating and post-rating
curves in such a way that area I and area II are equal, t^ 
can be found.
The total quantity of heat Q involved in an 
experimental run is given by
= e.A 6^ (5:1:1)
where, e is the heat capacity of the calorimeter and its 
contents and is defined as the quantity of heat required 
to raise its temperature by one degree, A© is the correct­
ed temperature change. A method of obtaining A© was 
suggested by DICKENSON (55)* A© is given by
A 6^  = k A-%S) (3:1:2)
\ m/ c •
where K is a constant , A R  = R^ - R^ and
Rm = 0'5(Bi+Rf)
In an electrical calibration run, the total 
amount of electrical heat supplied is given by
= lh„t (3:1:5)
"C II
This can be written as
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E^tE„
Q =  h  (3:1:4)
4
where, Rg is the resistance of the heater, t is the time in 
seconds during which a current I is passed and E is the 
potential drop across the standard resistance Rg.
Substituting equations (3:1:4) and (3:1:2) into (3:1:1) 
gives:-
e  ^ (5:1:5)
^m c
E ■
and k = —5 , a constant for a particular calorimeter.
Eor water calibration, t^ was obtained by using 
the following equation:-
h  = ( h  - h  ) + °”5( q  - t. ) + 0-2
Since t^-tQ= 5 minutes and 0.3(t^~t^)=2.3minutes,
t^ = ?.7minutes. The last term on the right hand side of 
equation (3:1:6) is a correction term(see EIG.3,p. 63 ) 
the time-lag between when the current is switched on and 
the actual response of the thermistor.
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C. The Chemical Standard Reaction to test the Calorimeter,
A number of chemical reactions with well known 
heats of reaction have been used to test calorimeters. The 
most frequently used are:-
(a) The one proposed by PITZER (36) for the heat of neu- 
tralisation of sodium hydroxide by hydrochloric acid. The 
experimental data have been corroborated by SCUNNER (37), 
HAEE (38) and SWANSON (39).
(b) The heat of solution of potassium chloride (60) and
(c) The reaction between tris(Hydroxymethyl)amino methane
(TEAM) with hydrochloric acid proposed by IRVING and WADSO 
(61).
The last method (c) was used in the present work. 
The TEAM (0.3g.) was accurately weighed on a semi-micro­
balance in a glass ampoule, cylindrical in shape with a . 
side opening. The ampoule was fitted with a small rubber 
plug and then sealed with wax. hydrochloric acid (0.1N, 
100ml.) was measured into the calorimeter vessel with a 
grade A pipette. The ampoule was then placed in the holder 
and the calorimeter vessel brought to a temperature under 
23°C and after enclosing it in its jacket, the whole system 
was placed in a thermostated bath and the stirrer switched 
on. It was left for twenty minutes for thermal equilibrium 
to be reached. The pre-rating resistance-time curve was 
obtained in the same way as in the water calibration, during 
a period of five minutes. At the time t^ ,^ the ampoule was 
broken by lowering the stirrer shaft, without interrupting
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the stirring. Because the TEAM reaction is very :n%sk,XPIG.6) 
readings of resistance and time were noted as quickly as 
possible afterwhich readings corresponding to the post- 
rating curve were continued during five minutes. After 
cooling down the reaction products to the initial tempera- 
ture the electrical calibration process was done, following 
the same procedure as in the.water calibration. The condi­
tions such as heating time and current were chosen to be 
as near as possible to those of the reaction. A current of 
30mA during five minutes was found to be suitable.
Bor the TEAM reaction, equation (3:1:1) becomes
6 is obtained from the electrical calibration 
run and is calculated using equation (3:1:3) and / AR/R^\-n ^ Hi y ÎL
is obtained from the resistance-time plot for the reaction 
as described previously.
Also, if n is the number of moles of TEAM used 
in the experiment, the heat of reaction,A E is given by
AH = ^R/n joules/mole.
The recommended value for the TEAM reaction at 
23°C and at a concentration of 0.3g. per 100ml. of hydro­
chloric acid (0.1M) is -29,720+4 joules/mole.
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FIG. 6: RESISTANCE-TIME PLOT FOR TEAM REACTION
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D. Calorimetric Determination of Heats of Exchange.
The procedure followed for such determinations 
were similar to those for the TEAM reactions described 
earlier on. The calorimetric vessel contained the appro­
priate electrolyte (100ml.) of the required concentration 
whereas the glass ampoule contained the potassium form of 
the resin (O.^g.) accurately weighed out. Electrical cali­
bration conditions used were 20mA for two minutes, these 
gave heating conditions near those involved in the exchange 
reactions. As the exchange reaction do#not go to completion 
the extent of exchange was determined in eachi^^ analysis 
of the solution after reaction. The percentage of exchange 
was in the majority of cases between 8^-95%. The total heat
■per equivalent of exchange AH was then calculated by
t
extrapolating to 100# exchange. In such determinations the
total heat per equivalent of exchange, AH^, obtained includes 
heat changes due to the swelling (A H^) of the dry resin 
(50# humidity) as it comes into contact with the solution.
The standard heat of exchange A was therefore 
calculated by use of the equation
AH^ = A H° + A Hg (3:1:9)
■ The heat of swelling was determined exactly the 
same v/ay as the heat of reaction itself except that the 
calorimeter vessel contained potassium chloride solution of
the appropriate concentration.
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Each determination was done in triplicate and 
the average value obtained reported. Deviations between 
determinations were not more than 2#.
3:2 Reagents and volumetric Material used.
The reagents used in the present work were ANALAR 
grade, wherever possible. The lanthanum chloride was obtain­
ed from Johnson and M a t t h e y  L t d . , Tris-ethylenediamineCo(III) 
chloride was, in part, prepared in the laboratory (62); 
otherwise purchased from Alpha Inorganics Ltd.,(technical 
grade) and purified in the laboratory when its melting 
point agreed with the value reported (63).
The bivalent cations were introduced into the 
aqueous solutions in the form of their nitrates, chlorides 
or sulphates as required.
The tervalent cations were present in the aqueous 
solutions as their chlorides. •
Solutions were made up on a nominal concentration 
basis and standardised by appropriate analytical methods.
The volumetric material ( pipettes, burettes, 
volumetric flasks, etc.) used was either of grade A with 
certificates of calibration or else was calibrated.
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5:5 Cation Exchange Resins- Preparation and Characteristics.
A.Preparation.
Throughout this work, the commercially available 
resin, Zeo Karb 225 (14-52 mesh) was used. It is chemically 
stable up to 120°C, insoluble in all organic solvents,mono­
functional and contains strongly acid sulphonic groups. The 
resin was first conditioned as follows. It was placed in a 
beaker and washed by décantation, transferred into a column 
in which it was backwashed with deionised water to free it 
from insoluble material of lower density. Hydrochloric acid 
(211) was passed through the column until the effluent which 
initially showed a clear yellow colour, became colourless.
It was then washed and backwashed with deionised water and 
converted to the potassium form by passing through potassium 
chloride solution (111). The pH of the effluent was monitored
from time to time until the pH of both effluent and influent
were the same. Afterwhich the resin was washed and back- 
washed with deionised water and again potassium chloride was
passed through in order to ensure the complete conversion
of the exchanger. It was washed and backwashed thoroughly 
and transferred into a Buchner funnel under suction to 
remove most of the water, then it was left over a warm oven 
until free running. Then, it was passed through sieves of 
the appropriate mesh sizes. Finally, the resin was stored 
in a desiccator over saturated calcium nitrate, thus pro­
viding a constant humidity environment of 50# (65). The same 
procedure was carried out to convert the resin to the cal­
cium form using calcium chloride instead of potassium chloride
7.4
B.Weight Capacity.
This is expressed, as the number of milligram 
equivalents of exchangeable potassium or other ions per 
gram of dry resin (stored over 50# of humidity) . It is 
the reciprocal of the equivalent weight of the exchanger 
for the particular resin-form (usually potassium, as this 
is the reference state). The resin (approximately 0.5g.) 
was accurately weighed in a glass scoop and transferred 
into a small column. 100ml. of hydrochloric acid (1M) wèso 
passed th-reugh slowly through the column to convert the 
resin to the hydrogen form, it was then washed and back- 
washed; afterwhich it was quantitatively transferred into 
a 250ml. conical flask to which about 1g. of sodium chloride 
and 100ml. of water were added. The content was then titra­
ted with standard sodium hyroxide (0.1N) using methyl red 
as indicator. The volume (V) of sodium hydroxide required 
was noted and the weight capacity was calculated using the 
following relationship
where, x is the normality of the sodium hydroxide and m 
is the weight of resin and W is the weight capacity.
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C«,Determination of the Water Content of a fully swollen Resin
This is defined as the amount of free water 
(moles) in one equivalent of resin.
A small amount of resin (approximately 1g.) in 
the potassium form and of known total capacity,/ (w eq.) was 
accurately weighed into a preweighed glass tube with a 
sintered glass bottom. The resin was left overnight sub­
merged in water, afterwhich the excess of water was removed 
by suction and centrifuged at 4-OOg. The glass tube with 
its content was then weighed. This was then dried in an 
oven at 105^0 until constant weight. The loss of weight 
(mg.) was calculated and the water content given by 
m/18w moles/eq. was evaluated.
D. Wet Volume Capacity,0.
This is expressed as the number of equivalents 
of exchangeable ions per litre of swollen resin. This mea­
sure depends on the composition of the electrolyte in 
which it is swollen and also with the degree of cross-link­
ing of the exchanger.
An accurately weighed amount of resin (approxi- 
metely 1g.) was placed by the use of a small glass scoop 
into a previously weighed water-regain tube. This was allow­
ed to swell in water or in the appropriate electrolyte for 
about fifteen to twenty minutes and centrifuged until 
constant weight. The water regain tube together with the 
swollen resin was again weighed and the weight of the 
swollen resin calculated ( v g.). A density bottle was
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filled up to the mark with the appropriate solution used 
for swelling, the bottle and whole contents were then 
weighed ( Mg.). Thus, the volume of the swollen resin 
( V ml.) was calculated from the relationship
„ m+v-M
■ “ d
where, d is the density of the solution which was obtained 
from the ratio between the weight of the solution in the 
density bottle and the weight of water in the same densi­
ty bottle, m is the weight of the density bottle with the 
swollen resin and solution filled up to the mark. Thus, 
the wet volume capacity is given by
0 = meq./ml.
where, W is the weight capacity of the -resin (meq./g.), 
X is the weight of the resin and V is the volume of the 
swollen resin (ml.).
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5:4- Equilibrium Experiments.
These experiments have been carried out by the 
batch method. Small amounts of resin (0.1 to 0.5g.) of 
known weight capacity were accurately weighed in a glass 
scoop and then transferred into a dry conical flask, to 
which different portions of the electrolyte solutions 
.(A and B) previously standardised were added from Grade A 
burettes. The total ionic concentration was kept constant. 
The flasks were fitted with plastic stoppers to avoid any 
loss due to evaporation. They were then submerged in a 
thermostatic bath controlled to the required temperature 
to within 0.1°C. They were also shaken intermittently 
during the time that they were left to reach equilibrium.
The time necessary to reach equilibrium varied according 
to the system and the degree of cross-linking of the 
exchanger, periods of twenty-four hours were sufficient 
for the bivalent systems (4— S0 DVB) whilst periods of 
forty-eight hours were necessary for higher cross-linkings 
(12-150 DVB). This period of time was also necessary for 
the tervalent systems (64- ) at low and medium cross-link­
ings (4— 80 DVB) ; at higher cross-linkings the time required 
was again longer. ■
After equilibrium was attained, the solutions 
were separated from the resin by suction with a pipette 
filler without removing the flasks from the bath. Aliquot 
portions were taken for duplicate analyses.
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The results were expressed in terms of equiva­
lent ionic fractions of the B ion in the exchanger, x^ 
and in the solution, Xg. Data from these equilibrium 
experiments are tabulated in the Appendix.
3*. 5 Analytical .Methods used in the present Work.
A . Volumetric Methods.
The bivalent metals and lanthanum have been 
analysed by complexometric titration using EDTA as titra-’ 
ting agent. A brief description is given. In the determi­
nations of cobalt,cadmium and zinc, the direct method of 
titration (65) was used with xylenol orange as indicator; 
whilst nickel (66) was determined at pH 10 using cathecol 
violet as indicator. In the determination of nickel (67) 
in the presence of calcium, which interferes in that deter­
mination, a back-titration method was used with an excess 
of EDTA and thorium nitrate as titrating agent. The deter­
mination of lanthanum (68) was carried out using xylenol 
orange as indicator at a pH of 5 and the addition of a 
drop of pyridine to improve the titration end-point.
B. Spectrophotometric Methods.
The spectrophotmetric method was found to be the 
most convenient one for the determination of iCo(NH?)0 ] 01% 
and [ Co(en)^] 01%. The spectrophotometer used was the 
UNICAM SP5000, an instrument of very high precision with 
an integral digital presentation of absorbance or
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transmittance values of samples. It is built in such,a 
way that the reference cell moves into the monochromatic 
beam, then radiation is transmitted by the reference cell. 
The intensity of this radiation is automatically compen­
sated by the intensity of an auxiliary standard radiation. 
The intensity of the auxiliary radiation comes from a 
separate tungsten source and it is changed by synchronous 
rotating shutter. The cell with the sample is moved auto­
matically into the main beam and the transmitted intensity 
is measured as a ratio of the auxiliary beam intensity, 
which is equivalent to the transmittancy of the sample with 
respect to the reference material. Whenever a measurement 
is taken, the calibration is done automatically. In order 
to carry out the analyses it was necessary to find the 
wavelength of maximum absorption.This v/as done by using 
the SP800 spectrophotometer, and the wavelength of maxi­
mum absorption for [Co(NH^)^ ] Gl% was found to be at 
4-73Eiyu and for [ Co(en)^ ]C1^ at 465myu . The calibra­
tion curve was obtained by measuring the optical density 
or absorbance of solutions of different concentrations, 
selected in such a way that they were within 0.1 and 1.5 in 
optical density. Plots of absorbance against concentration 
show that Beer’s law is obeyed and a linear calibration 
plot passing through the origin was obtained ( see PIG.7 
and 8 p. 80 & 81 ).
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4:1 Results.
A. CalorimetriG Results*
The accuracy of the calorimetric reaction was 
checked by using the chemical standard reaction between 
THAM and hydrochloric acid (Section 5:1:0). The recommended 
value for the THAM reaction' is -29,720+Ajoules/mole. The 
experimental value found in this work, given by the average 
value between three determinations was -29,816joules/mole. 
The agreement is quite good.
- The standard enthalpies of exchange AH have
been evaluated from equation (5:1=9) viz.
AH^ = AH° + A Hg
where the heat of swelling was subtracted from the total 
heat of exchange, _A,H.j.. The heat of swelling for i.ne dir 
ferent resins in the potassium form in water and different 
electrolyte concentration are shown in Tables 1,2 & 5 to­
gether with the heat of exchange. Inspection of Table 1 
(p. 96) shows that there is a relationship between the 
heat of swelling of the resin in water and the cross-link­
ing of the exchanger. It is also shown graphically,FIG.9
(p. 90 ). The results show that the reaction is endothermie
at low cross-linking (4%%VB). The endothermie character of 
the reaction decreases and the reaction is exothermic at 
higher cross-linking (12 to 16%ÜVB). Evidently, there are 
two processes involved. When the potassium form of the 
exchanger comes into contact with the water molecules,
84- -
h y d r a t i o n  o f  t h e  s u l p h o n io  g r o u p s  a n d  t h e  c o u n t e r  i o n s  • 
o c c u r ,  w h e n  m o re  w a t e r  g o e s  i n t o  t h e  e x c h a n g e r ,  t h e  e l a s t i c  
m a t r i x  w i l l  e x p a n d ,  r e s u l t i n g  i n  a  s w e l l i n g  p r o c e s s .  I n  
r e s i n s  o f  lo w  c r o s s - l i n k i n g  ( W B )  t h e  s w e l l i n g  p r o c e s s  
p r e d o m in a t e s  o v e r  t h e  h y d r a t i o n  p r o c e s s ;  t h e n ,  t h e  r e a c t i o n  
i s  e n d o t h e r m ie  ( F I G .  1 0 , p .  9 1  ) .  ^  o f  i n t e r m e d i a t e
o r  m e d iu m  c r o s s - l i n k i n g ,  b o t h  p r o c e s s e s ,  h y d r a t i o n  a n d  
s w e l l i n g  a r e  m o re  e v e n l y  b a l a n c e d ,  t h e  r e a c t i o n  i s  s l i g h t l y  
e n d o t h e r m ie  ( F I G . 1 1 , p .  91  ) •  W i t h  r e s i n s  o f  h i g h e r  c r o s s -  
l i n k i n g  ( 1 2  t o  16#) i n  w h ic h  t h e  m a t r i x  o f  t h e  e x c h a n g e r  i s  
m o re  r i g i d ,  t h e n  i t s  c a p a c i t y  t o  s w e l l  i s  r e s t r a i n e a  b y  t h e  
c r o s s - l i n k i n g .  I n  t h i s  s i t u a t i o n  t h e  h y d r a t i o n  p r o c e s s  
p r e d o m in a t e s  o v e r  t h e  s w e l l i n g  p r o c e s s ,  t h e  r e a c t i o n  i s  t n e n  
e x o t h e r m i c  ( F I G . ' 1 2 , 1 5 ; p .  9 2  )  . F ro m  t h e  T a b l e s  1 , 2  & 5
( p .  9 6  t o  9 9  )  i t  i s  e v i d e n t  t h a t  t h e  e n d o t h e r m ie  c h a r a c t e r  
o f  t h e  r e a c t i o n  d e c r e a s e s  a s  t h e  c o n c e n t r a t i o n  i n c r e a s e s  
f r o m  w a t e r  u p  t o  0 1 N p o t a s s iu m  n i t r a t e  ( T a b l e  1 , p . 9 6  )  a n d  
f r o m  w a t e r  u p  t o  0 . 5 N  p o t a s s iu m  c h l o r i d e  ( T a b l e  2 , 3 ; P - 9 8 ,  
9 9 ) .  T h i s  v a r i a t i o n  i s  a l s o  s h o w n  g r a p h i c a l l y  ( F I G . 1 4 - , p . 9 5 )  
I t  i s  t o  b e  e x p e c t e d  t h a t  b y  i n c r e a s i n g  t h e  e l e c t r o l y t e  
c o n c e n t r a t i o n  o f  t h e  p o t a s s iu m  s a l t ,  t h e  s w e l l i n g  p r o c e s s  
w i l l  d e c r e a s e ,  r e s u l t i n g  i n  a  l e s s  e n d o t h e r m ie  o r  m o re
e x o t h e r m i c  r e a c t i o n .
A s a l r e a d y  m e n t io n e d , ,  t h e  s t a n d a r d  h e a t  o f  e x c h a n g e
f o r  u n i - b i v a l e n t  s y s te m s  w i t h  m e t a l  n i t r a t e s  ( 0 . 1 N )  a r e
t a b u l a t e d  i n  T a b l e  1 ( p .  9 6  ) .  T h e  d e t e r m i n a t i o n  o f  A
f o r  r e s i n s  o f  lo w  a n d  m e d iu m  c r o s s - l i n k i n g  (  4- t o  S/o') w a s
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not difficult since the reactions were completed in a 
few minutes. PIG,15 (p. 94- ) shows a resistance-time plot 
for the system nickel nitrate and potassium form resin at 
low cross-linking. However, at higher degrees of cross-link­
ing, the reactions were quite slow. This can be observed 
in PIG.16 (p.95 ) which shows a resistance-time plot for 
the system potassium-nickel nitrate exchange at higher 
cross-linking. Table 2 (p.98 ) shows the results for the 
same cations in the form of their chlorides at three dif­
ferent electrolyte concentrations for a given cross-link- 
(8#DVB). A large difference was found in the case of cad­
mium on changing from nitrate to chloride and this will 
be discussed later.
The standard heats of exchange for uni-tervalent 
systems are shown in Table 5 (p.99 ).
B. Standard Entropies of Exchange.
The net change of entropy during an ion exchange 
process was calculated by using the thermodynamic equation
AG° = A H° - T A 8°
where the A G° values used were derived from the equili­
brium experiments and those of A H° were obtained by the 
calorimetric method. The results are summarised in Table 4- 
(p. 100 ) both for uni-bi and uni-tervalent systems. The 
change of entropy during an ion exchange process arises ^ rom 
several causes including the entropy of mixing as the
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exchange takes place. It also includes a small contribution 
from the configurational entropy of the resin matrix during 
the swelling or deswelling process, when the exchanger is 
converted from one form to another. It is difficult to at- 
tribute the increase or decrease of entropy to any specific 
cause due to the various factors affecting it. However, the 
differences in the entropy of hydration of the ions which 
participate in the process must play an important role and 
it can explain the large values of entropy found for the 
bivalent systems in exchange with potassium, compared with 
those values reported by BOYD (69) for the sodium-zinc 
exchange.
0. Isotherms of Ion Exchange.
The isotherms of ion exchange which are plots of 
the equivalent fraction, Xg of B ions in the exchanger phase 
against the equivalent fraction, Xg, of B ions in the solu- 
tion phase at one given temperature, are shown for some of 
the systems studied in the present work (EIGS.17 to 54-, 
p.105-111). They are curved upwards in the middle which 
indicates the preferential uptake by the exchanger of bi­
valent ions and to an even greater.extent of tervalent ions. 
The effects of several factors such as different external 
electrolyte concentrations, cross-linkings and coions(sul- 
phate, chloride and nitrate) on the selectivity may be 
observed by reference to these figures. The values corres­
ponding to the equilibrium experiments in terms of Xg and 
Xg are reported in the Appendix. In calculating the equiva­
lent fractions it was assumed that the amount of solvent in
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the resin remained unaltered by exchange. Much information 
can be obtained from the isotherms which can be related to 
the thermodynamics of ion exchange; also, they provide a
useful means to evaluate the separation factor, deiined in 
equation (1:2:1).
D. Selectivity Plot for Uni-Bivalent Systems.
f
' : Plots of InK
against the empirical correction factor as expressed in 
equation (2:2:1) were linear (justification for using 
the empirical correction factor is discussed in the Appen­
dix). These plots are shown graphically for all the uni- 
bivalent systems in PIGS.35 to 70 (p.112 - 147). The values
of InK have been calculated from the x^ . and x^ . valuesc^ fg B B
reported for the ion exchange isotherms (see Appendix). It 
is worth noting that in some cases, at low concentrations 
(0.025N and 0.050N) , where obviously the analytical error 
is larger than at 0.1N, it was necessary to omit one or two 
points where the equilibrium concentration of the bivalent 
ion in solution was very small or where the uptake of the 
bivalent ion by the exchanger was very low, since under 
such conditions a very small error in the analysis intro­
duced a larger error into the calculation of the term
K .—  . The values for the intercept and slope for the
A
selectivity plots were calculated by the least squares 
method. The additional energy term, w was determined from
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the slope and InK^ was calculated by subtracting In ^ from 
the intercept at Xg/ correction factor  ^ = 0. Prom InKg 
the standard free energy change was calculated by use of 
equation (2:3:1,p. 4? ). The experimental data for the 
intercept,InKg, A and are reported in Tables ? to
(p.160 to 167)
E« Selectivity Plots for Uni-Tervalent Systems.
As mentioned previously, this is the first occa­
sion on which the theory for uni-tervalent ion exchange
reactions has been tested. Plots of InE '.'A/f_ against
% Xg were not linear (FIG8. 71-73) p.148 to 14-9 ) @-"1- it 
was necessary to introduce into equation (2:3*10) the 
same correction factor as expressed by the equation (2:3:11)' 
This was evidently successful (PIGS. 74 to 83, p.130 to 139) 
bearing in mind the difficulties involved in these systems. 
By inspection of the equation for uni-tervalent exchanges, 
it is to be expected that if for a uni-bivalent exchange 
reaction a small error in the analysis introduces a large 
error into the equation, and obviously this error will be 
larger for a uni-tervalent reaction. The values of Xg 
and Xg for these systems are given in the Appendix. The 
intercept and slope for the selectivity plot was also cal­
culated by the least squares method. The experimental data 
for InKg, A G^ and w are reported in Tables lé & 17 (p. 169 
& 170 ). It will be observed that in the hexammino-cobalt 
(III) chloride and tris(ethylenediamine)cobalt(III) chloride
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case experimental data are not reported for 0.1N solutions 
due to the very high uptake of these complexes by the ex­
changer at that concentration, it was difficult to obtain 
reliable results ( Xg varied from between 0.92 and 0.99). 
More, reliable results for these complexes were found for 
0.3N solutions for which the Xg values spread over a 
wiaer range, between Xg = 0 and Xg = 1. The reproducibi­
lity found in these results at the highest concentration 
(0.3N) also supports this.
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FIG.9: HEAT OF 8WEEEING OF POTASSIUM RESINATE
IN WATER.
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PIG.10: REBI8TANGE-TIME PE0T8 OE SWELLING OE
POTASSIUM RESINATE IN WATER.
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?IG.12:RE8I8TANCE-TIME PLOTS OP SWELLING OP
POTASSIUM RESINATE IN WATER.
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FIG. 14-:VARIATION OF HEATS OF SWELLING WITH
POTASSIUM CHLORIDE CONCENTRATION.
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FIG.15: RE8I8TANGE-TIME PLOT OF P0TA88IUM-NIGKEG
NITRATE EXGHANGE,8#D%B.
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Table 1
CALOEIHETRIC RESULTS OF POTASSIOH-HETA'L NITRATE EXCHANGES, 
25°0q 0.4 N
k-% D.V.B.
Heat of ^ ^^t ^ ' Ah °
Metal Reaction ^^change Rjoules/eq. Kjoules/eq= Kjonles/eq
Od 14.18 90.40 15.69 2.41 13.28
Zn 12.37 98.10 15.87 2.41 11.46
Ni ■ 10*12 87.70 11.54 2.41 9.15
Co 9.94 91.50 10.89 2.41 8.48
8# D.V.B,
Cd 11.09 97.00 11.43
Zn 9.70 90.00 10.76
' Ni 8.88 87.50 10.13
Go 9.63 95.40 10.09
12# D.V.B.
Gd 7.81 87.50. 8.94
Zn 8.20 95.00 8.81
Ni 6.63 92.70 7.13
Go 5.40 76.10 7.09
16# D.V.B.
Gd 6.22 81.00 7.68
Zn 6.66 92.60 7.19
Ni 6.13 90.3U 6.81
Go 5.56 84.90 6.31
0.13 11.30
0.13 10.63
0.13 10.02
0.13 9.96
1.41 10.35
1.41 10.22
.1.41 8.36
.1.41 8.30
-1.32 9.00
.1.32 8.31
-1.32 8.13
.1.32 7.86
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Table 1 (cont’d)
HEAT- 01 SWELLING 01 POTASSIUM 
RESINATE IN WATER.
Nominal D.VIB. Content 
#
4
8
12
15
Heat of Swelling, AH, 
Ejonles/eq.
2.66 
0.23 
- 0.98 
-1.16
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Table 2.
GAIORIMETEIC RESULTS OF POTASSIUH-METAL GHIOBIDE EXCHANGES, 
25°C. 8<p D.V.B.
Cadmium Chloride
Eq./l Heat of # ^^t Reaction Exchange Kioules/eq.
4.5s
Ejoules/eq.
Air
Ejoules,
0.100 8.35 96.60 8.62 0.18 8.44
0.030 9.14 83.50 10.69 0.20 10.49
0.023 9.60 77.70 12.35 0.23 12.12
Zinc Chloride
0.100 9.58 90.30 10.38 0.18 10.20
0.030 8.37 86.40 9.68 0.20 9.48
0.023 8.41 75.70 11.1^ 0.23 10.88
Nickel Chloride
0.100 8.27 92.30 8.96 ' 0.18 8.78
0.030 8.43 84.80 ' 9.94 0.20 9.74
0.023 8.64 83.00 10.17 0.23 9.94
Cohalt Chloride
0.100 8.34 87.10 9.57 0.18 9.59
0.030 8.22 81.40 10.10 0.20 9.90
0.023 8.38 81.60 10.27 0.23 10.04
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Table 3.
CATORIMETRIC RESULTS OE UNI-TERVALENT EXCHANGES
LaCly
3
, 0.23N
# DVB
Heat of 
Reaction
#
Exchange Kjoules/eq.
AHs
Kjoules/eq.
A H°
Kjoules/eq
4 13.90 94.10 14.77 2.31 12.46
8 13. 17 98.00 13.44 0.14 15.50
12 7e10 87.30 8.11 . -1.03 9.16
16 6.74 90.00 7.49 -1.22 8.71
LaCly
i
, 0.30N
4 12. 70 94.00 15.31 1.94 11.37
• 8 12. 23 99.00 12.33 0.10 12.23
12 7.02 88.00 7.98 -1.09 9.07
16 6.38 88.00 7.48 -1.26 8.74
GoCNH^)^' , 0.30N
4 1.92 99.00 1.94 1.94 0.00
8 0.10 99.00 0.11 0.10 0.01
12 -0. 98 91.50 -1.07 -1.09 0.02
16 -1. 90 33.30 - -1.26 __ *
Co( en)^ Gl^ , 0.30N
4 4. 31 76.40. 3.64 1.94 5.70
8 1c02 56.70 - 0.10 *
12 Nil — Nil -1,09 N11+
16 Nil Nil -1.26 ■ N i U  '
* The percentage of exchange was very low, extrapolation 
to 100# is not justified.
+ No reaction.
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Table 4 , 
,0 / _
METAL NITRATE EXCHANGES.0.1N
Nominal D.V.B. ContentllUOctJ- iM .L 0 X et. L. e iD
12# 16#
, Ni 53.78 53.21 27.23 23.88
Cd 47.23 59.19 53.27 30.80
Co 30.96 55.94 26.35 24.20
Zn 40.77 53.66 31.96 23.60
STANDARD ENTROPIES^ AS° (lonles/deR./eq.) OP POTASSIUM-
METAL CHLORIDE EXCHANGES,8# DVB.
Electrolyte Concentration(Eq„/lc)
Métal Chlorides q 0.030 0.023
Ni 29.30 52.39 32.60
Cd . 23.95 30.62 57.56
Co 31.10 52.47 _ 32.62
Zn 55.52 .50.71 53.35
STANDARD ENTROPIES OP EXCHANGE, A s7(joules/deg./eq.)
OF TERVALENT IONS.
Nominal D.V.B. Content
Métal Chlorides
8# 12# 18#
La (O.23N) 30,62 35.96 40.73 59.78
La (O.3ON) 47.70 49.90 59.89 59.93
CoCNH^)^ (0.3N) 16..27 13.28 13.27 —
Co(en)? (0.3N) 27.40 - — -
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Table 5-
CHARACTERISTICS. OS' POTASSIUM FORM RESIN.
Nominal Content Weight Capacity Volume Capacity 
of D.V.B. (meq./g.) 0(Eq./l.)
H-fo 3.81 1.98 .
3.76 3.12
12^ 3.61 4.03
3.38 4.26
■Wet Volume Capacity. 0 (Eg./I.) of fully swollen Résinâtes 
in different Potassium Chloride Concentrations.
D.V.B. 0.023 0.030 0.100 0.230 0.300
4# 2.06 2.10 2.18 2.36 2.46
8# 3.23 3.27 3.33 3.41 3.43
12# 4.17 4.20 4.23 4.26 4.26
16# 4.31 4.39 4.43 4.31 4.32
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Table 5
WATER CONTENT (moles/eq.) OP THE VARIOUS RESINATES
Nominal Content of D.V.B.
Résinâtes 4# 8# 12# 16#
19.61 10.00 6.22 3.82
[Co(HH,)J 5+
^ n 5 +
[Co(en)% ]
7.46
7.83
4.63
3.43
3.70 3.63
La^ '*' 11.29 6.36 4.82 . 4.68
Ni^+ 16.67 9.33 6.42 3.83
Cd2+ 17.74 9.44 6.17 3.80
Co2+ 17.31 9.89 7.00 . 6.18
18.01 10.00 7.12 6.61
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^ O 4# DVB
WPIG.17:THE EFFECT OF GR088-BINEING ON ^VB
Ij THE POTASSIUM-SICKEL NITRATE EXCHANGE ^ ^VB
q 16^ DVB25 C,0.1N.
I____________ l_ _ __I
XNi
Ni
tFIG.18:THE EFFECT OF CONCENTRATION ON 
' THE POTASSIUM-NICKED NITRATE EXCHANGE
25°C,8#DVB.
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'FIG.19:the effect OF CEOSS-LIWKIWG ON 
THE POTASSIUM-CADMIUM NITEATE EXCHANGE 
25°G,0„1N.
O 4$ DVB 
A 8fo DVB 
n 125éDVB
XCd
Gd
FIG.20:THE EFFECT OF CONCENTRATION ON 
THE P0TA88IUM-CADMIUM NITRATE EXCHANGI 
25°C,8#DVB.
o 0.1N
^ 0.05N
°0.02^N
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?IG.21:THE EFFECT OF CR088-EINEING
. ONON POTASSIUM-COBAET NITRATE
EXCHANGE.
25°G,16#DVB
(f i g -22:THE EFFECT OF CONCENTRATION ON 
POTASSIUM-COBALT NITRATE 
EXCHANGE.
oO.IOON
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AO.O25N
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XCo
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25^0,0.IN
Zn
piG.23:THE EFFECT OF CROSS-LINKING ON 
Ï THE POTASSIUM-ZINC NITRATE EXCHANGE. 04#DVB
as^oDVB
A12#DVB
!-/FIG.24:THE effect OF CONCENTRATION ON 
/THE POTASSIUM-ZINC NITRATE EXCHANGE.
Q0.025N
‘^ 0.050N
°0.100N
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#?IG.25:THE EFFECT OF CR088-ETNEING ON 
; . P0TA88IUM-NICEEE CEEORIDE
EXCHANGE
Ni
FIG.25:THE EFFECT OF CONCENTRATION ON 
POTASSIIM-NICKEL CHLORIDE 
EXCHANGE
a 0.025N 
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o O0IOON
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FIG.27:TEE EFFECT OF CONCENTRATION 
ON THE P0TA88INM-CADMIUM CHEORIDE 
EXCHANGE.
Cd
FIG.28: THE EFFECT OF C0I0N8 ON 
THE POTASSIUM-CADMIUM EXCHANGE.
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i?IG.29:THE EFFECT OF 00I0N8 ON THE 
/pOTA88IHM-NICKEL EXCHANGE,25°G;0.1N 
I 8# DVB.
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FIG.30:THE EFFECT OF COIONS ON THE 
POTASSIUM-COBALT EXCHANGE,23°C;0.1N
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?IG.$1:EPPEGT OF C0I0N8 ON THE 
P0TA88IUM-ZINC EXCHANGE; 25°C, 
8# DVB.
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FIG.52:C0nPAEIS0M' OP SULPHATE AND 
NITRATE AS COIONS ON POTASSIUM- 
COBALT EXCHANGE ; 25°C,S^DVB.
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■La
THE EFFECT OF CONCENTRATION 
I ON THE POTASSIUM-LANTHANÜM CHEORIDE 
EXCHANGE,25°C;4^ DVB.
O O.5ON 
<> 0.25N
A O.-ION
La
FIG.34:THE EFFECT OF CROSS-LINKING 
ON THE POTASSIUH-LANTHANÜH CHLORIDE 
EXCHANGE, 25°C 0.5N.
G -le^ D.VB 
O 4^D.VB
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FIG.35: SELECTIVITY PLOT OF P0TA88IUM-NICKEL NITRATE
EXCHANGE. 25^0
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FIG.56: SELECTIVITY PLOT OF POTASSIIM-NICKEL NITRATE
EXCHANGE. 25 C
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FIG.37: SELECTIVITY PLOT OF POTASSIIM-NICKEL NITRATE
EXCHANGE,25 C
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FIG.58: SELECTIVITY PLOT OF POTASSIUM-NICKEL NITRATE
EXCHANGE,25 C
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FIG.39: SELECTIVITY P&OT OF P0TA88IUM-CADMIUM NITRATE
EXCHANGE, 23 C.
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FIG.40: SELECTIVITY PLOT OF POTASSIUM-CADMIUM NITRATE
EXCHANGE, 25 C
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P I G . 4 1 :  SELECTIVITY PLOT OF P O T A S S IU M -C A D M IU M  NITRATE
EX C H A N G E , 2 5  C
3
2
1
0 1.0 2 . 0 3.0
'I '"19 —
PIG.42: SELECTIVITY PLOT OP POTASSIUM-CADMIUM NITRATE
EXCHANGE, 25 C.
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FIG.43; SELECTIVITY PLOT OF POTASSlUTI-CGEALO} NITEATE
EXCHANGE. 25 C.
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PIG.44: SELECTIVITY PLOT OP P0TA88IUM-C0BAPT NITRATE
EXCHANGE, 25 C.
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FIG.45: SELECTIVITY PLOT OF POIASSIUM-COBALT NITEATE
EXCHANGE, 25^0.
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PIG o 46 : SELECTIVITY PLOT OP POTASSIIM-COBALT NITRATE
EXCHANGE, 23 0.
% DVB
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FIG.47: SELECTIVITY PLOT OF POTASSIUM-ZING NITRATE
EXCHANGE, 25^0.
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PIG.48: SELECTIVITY PPOI OE P0TA88IUM-ZING NITRATE
EXCHANGE, 25 C5
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EIG.4-9: SELECTIVITY PLOT 0? PQTASSIUM-ZINC NITRATE
EXCHANGE, 25 C
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PIG.50: SELECTIVITY PLOT OP P0TA88IUM-ZINC NITRATE
EXCHANGE, 25^0
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EIG.51: SELECTIVITY PLOT OF POTASSIUM-NICKEL CHLORIDE
EXCHANGE, 28^C
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FIG.52: SELECTIVITY PIOT OF P0TA88IUM-NIGKEI CHLORIDE
EXCHANGE, 25 0
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FIG.35: SELECTIVITY PLOT OF POIASSIIM-NICKEL CHLORIDE
3 EXCHANGE, 23 0.
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FIG.54: SELECTIVITY PLOT OF POTASSIUM-NICKEL CHLORIDE
EXCHANGE, 25 C
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PIG.55: SELECTIVITY PLOT OF POTASSIIM-CADMIUM CHLORIDE
5
EXCHANGE, 25^0
4
5
2
1
1.00
X Od.( Cd -"E-
1$$
PIG.56: SELECTIVITY PLOT OP POTASSIIM-CADMIUM CHLORIDE
EXCHANGE, 25 C
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FIG.37: SELECTIVITY PLOT OF POTASSIUM-CADMIIM CHLORIDE
EXCHANGE, 23 C.
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FIG.58: SELECTIVITY PLOT OF POTASSIUM-CADMIUM CHLORIDE
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PIG.59: SELECTIVITY PLOT OP P0TA88IUM-G0BAII CHLORIDE
EXCHANGE, 25 C.
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FIG.60: SELECTIVITY PLOT OF POTASSIUM-COBALT CHLORIDE
EXCHANGE, 25 0
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PIG.61: SELECTIVITY PIOT OP POTASSIUM-COBALT CHLORIDE
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PIG.62: SELECTIVITY PIOT OF P0TA88IUM-C0BALT CHLORIDE
EXCHANGE, 23 C.
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FIG.63: SELECTIVITY PLOT OF POTASSIUM-ZING CHLORIDE
EXCHANGE, 23 C.
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FIG.64: SELECTIVITY PLOT OE POTASSIUM-ZINC CHLORIDE
EXCHANGE, 25 C
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FIG.65: SELECTIVITY PLOT OF POTASSIUH-ZING CHLORIDE
5 EXCHANGE, 25 C
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FIG.66: SELECTIVITY PLOT OE POTASSIUM-ZINC CHLORIDE
EXCHANGE, 25 C.5
4
5
2
In--2
1
2 . 01 . 00
144
J FIG.67: SELECTIVITY PLOT OF POTASSIUM-HICKEL SULPHATE
EXCHANGE, 2^°G.
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PIG.68: SELECTIVITY PLOT OE POTASSIUM-CADMIUM SULPHATE
EXCHANGE, 25 C
In-
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FIG.69: SELECTIVITY PLOT OF POTASSIIM-COBALT SULPHATE
EXCHANGE, 25^0
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FIG.70: SELECTIVITY PLOT OF POTASSIUM-ZINC SDLPHATE 
_ - EXCHANGE. 25°G.
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FIG. 71 : P0TA88IUM-IjANTHANUM
CHLORIDE EZCHANGE;0.5N\8#DVB,
6
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FIG.75: SELECTIVITY PLOT OE POTASSIUM - TRIS- 
(ETHYLENEDIAMINE)-COBALT(III) CHLORIDE EXCHANGE:
12
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InK
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FIG.74: SELECTIVITY PLOT OF P0TASSIUM-LANTHANÜI1 CHLORIDE
EXCHANGE, 25 G1Q
4# DVB
In-
2.01.00
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FIG.75: SELECTIYITT PLOT OP P0TASSIU11-LANTHAMUM CHLORIDE
EXCHANGE, 25 C
D.VB
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FIG.76: 8EIE0TIVITY PLOT OF P0TA88IUM-IANIHANUM CHLORIDE
EXCHANGE, 25^C
12# DVB
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FIG.77: SELECTIVITY PLOT OP P0TA88IUM-LANTHANUM CHLORIDE
EXCHANGE, 25 C
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FIG.78: 8ELE0TIVITY PLOT OF THE POTASSIUM-EEXAMMINO 
COBAET(III) CHEORIDE EXCHANGE, 25°C.
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FIG. 79: SELECTIVITY . PLOT PIT POTASSIUM -HEXÀMMINO
COBALT(III) CHLORIDE EXCHANGE, 25^0.
 ^DVB
14
InK
12
11
2.01.00
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FIG.80: SELECTIVITY PLOT OF POTASSIUM -HEXAMMINO 
COBALTCIII) CHLORIDE EXCHANGE,25°0.
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PIG.81: SELECTIVITY PLOT OP POTASSIUM - HEXAMMINO 
GOBALT(III) CHLORIDE EXCHANGE,25^0.
IT
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^ - (5 XB(-1 + (xg-x^) + (xB-x^) )
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FIG.82: SELECTIVITY P&OT 0? POTASSIUM - TRI8(ETHYLENE 
DIAMINE)GOBALT(III) CHLORIDE EXCHANGE,25°C.
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?IG.85:8EIÆGTIVITY PLOT OP POTASSIUM - TRI8(ETHYLENE
DIAMINE)GOBAIT(III) CHLORIDE EXCHANGE,25°G.
# DVB
InK
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V  0.50N 
O 0.25N
§  x_^1+(x_-x.)+(x 2 -Xa) +(x-n-x
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Table 7-
Equilibrium Results of Potassium- Nickel
Nitrate Exchanges, 25^0.
0,.100N AG° w
% DV:B Intercept In 0 InK^ Kjoules/eq. Ejoules/mole
4- 5.838 5.081 0.757 -0.958 1.276
8 5.895 5.511 0.582 -0.475 1.846
12 5.400 5.754 -0.554 0.458 2.668
16 5.460 5.797 -0.557 0.417 5.406
0,.050N '
4 4.580 5.740 0.640 -0.795 1.265
8 4.255 4.180 0.075 -0.090 1.566
12 4.154 4.452 -0.298 0.569 2.874
16 5.914 4.476 -0.562 0.696 5.525
0..025N
4 4.840 4.411 0.429 -0.551 1.006
8 4.714 4.880 -0.166 0.206 1.055
12 4.555 5.117 -0.562 0.696 1.969
16 4.520 5.150 -0.650 0.780 5.129
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Table 8
Equilibrium Results of Potassium-Cadmium
Nitrate ExchanRes, 25°C.
0. ICON
In 1
A G°
% D.VB Intercept lnK|p Ejoules/eq. Kjoules,
4 5.722 5.081 0.641 -0.794 1.159
8 5.819 5.511 0.508 -0.581 1.467
12 5.885 5.754 0.151 -0.162 2.175
16 5.945 5.797 0.146 -0.181 2.678
0.050N
4 4.522 5.741 0.581 -0.720. 0.887
8 4.214 4.181 0.055 -0.041 1.117
12 4.585 4.452 .-0.047 0.058 1.952
16 4.405 4.476 .-0.074 0.092 2.078
0.025N
4 4.762 4.411 0.551 -0.455 0.659
8 4.664 4.881 .-0.217 0.269 0.897
12 4.758 5.117 '-0.579 0.469 1.557
16 4.664 5.152 .-0.488 0.604 1.660
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Table 9-
Equilibrium Results of Potassium-Cobalt
Nitrate Exchanges, 25^C.
0.100N n
   AG (b
# DVB Intercept In 0 InK^ , Ejoules/eq. Ejoules/mole
4 5.685 5.081 0.602 -0.746 1.092
8 5.658 5.511 0.127 -0.157 1.472
12 5.274 5.754 -0.480 0.594 '2.277
16 5.275 5.797 -0.524 0.649 2.462
0.050N
4 4.155 5.741 0.412 -0.510. 0.862
8 5.982 4.181 -0.199 0.246 1.117
12 5.954 4.452 -0.478 0.592 2.017
16 5.885 4.476 -0.595 0.755 2.250
0.025N
4 4.655 4.411 0.224 -0.277 0.657
8 4.577 4.881 -0.504 0.576 0.852
12 4.450 5.117 -0.667 0.826 1.685
16 4.448 5.152 -0.704 0.872 2.212
165
Table 10.
Equilibrium Results of Potassium-Zinc
Nitrate Exchanges, 25°0.
0.100N
a g ° ^
io DÆB Intercept In ^ InK^ Kjoules/eq. Kjoules/mole
4 5.659 5.081 0.558 -0.691 0.979
8 5.508 5.511 -0.005 0.004 1.216
12 5.195 5.754 -0.561 0.695 2.069
16 5.086 5.797 -0.711 0.881 2.061
0.050N
4 5.964 5.740 0.224 -0.277 0.612
8 5.900 4.180 -0.280 0.547 0.855
12 5.920 4.450 -0.510 0.652 1.895
16 5.844 ' 4.476 -0.652 0.785 2.195
0.025N
4 4 J566 4.411 0.155 -0.192 0.577
8 4.555 4.881 -0.528 0.406 0.745
12 4.189 5.117 -0.928 1.149 1.628
16 4.270 5.152 -0.882 1.092 2.279
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Table 11
Equilibrium Results of Potassium-Nickel
Chloride Exchanges, 25°C. '
0.100N 
^ DVB Intercept In 1 InK^
AG°
Kjoules/eq.
lb
Ejoules/mole
4 5.480 5.081 0.599 -0.494 O.6O9
8 5.519 5.511 0.008 -0.010 1.407
12 5.260 5.754 -0.494 0.612 1.848
16 5.524 5.800 -0.476 0.590 2.586
0.050N
4 4.555 5.740 0.595 -0.755 1.209
8 4.160 4.181 -0.021 0.026 1.400
12 5.956 4.452 0.476 0.590 2.794
16 5.900 4.476 -0.576 0.715 5.126
0.025N
4 4.850 4.411 0.459 -0.544 1.016
8 4.700 4.880 -0.180 0.225 1.070
12 4.548 5.117 -0.569 0.705 2.668
16 4.554 5.152 -0.618 0.765 5.451
0.100N
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Table 12.
Equilibrium Results of Potassium-Cadmium.
Chloride Exchanges, 25^C.
AG^ • w
% D.V.B. Intercept In— IhE^ Ejoules/eq. Kqoules/mole
4 2.515 5.081 -0.768 0.951 0.510
8 2.455 5.511 -1.056 1.508 1.172
12 2.416 5.754 -1.558 1.657 2.752
16 2.527 5.797 -1.270 , 1.575 5.208
0.050N
4 5.195 5.741 -0.546 0.676 0.669
8 5.078 4.181 -1.105 1.566 0.691
12 5.286 4.452 -1.146 1.419 1.957
16 5.557 4.476 -1.119 1.586 2.448
0.025N
4 . 4.005 4.411 -0.408 0.505 0.765
8 4.086 4.881 -0.795 0.985 0.912
12 4.141 5.117 -0.976 1.209 2.121
16 . 4.100 5.152 -1.052 1.505 2.255
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Table 15
Equilibrium Results of Potassium-Cobalt
Chloride Exchanges, 25°C.
0.100N
In 0
AG°
^ D.VB Intercept InK^ Kjoules/eq. Ejoules/mole
4 5.548 5.081 0.267 -0.551 0.704
8 5.415 5.511 -0.098 0.121 1.271
12 5.159 5.754 -0.595 0.757 1.256
16 5.219 5.797 -0.578 O.7I6 1.774
0.050N
4 4.145 5.741 0.402 -0.498 0.860
8 5.999 4.181 -0.182 0.225 1.459
12 4.000 4.452 -0.452 0.555 2.242
16 5.822 4.476 -O.654 -0.810 2.445
0.025N
4 4.651 4.411 0.240 -0.297 0.745
8 4.624 4.881 -0.257 O.5I8 0.996
12 4.474 5.117 -0.645 . 0.796 2.222
16 4.450 5.152 -0.722 0.894 2.710
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Table 14
Equilibrium Results of Potassium-Zinc
Chloride Exchanges, 25°C.
0.100N
$ DVB Intercept In 1 InK^ Ejoules/eq.
lb.
Ejoules/mole
4 5.565 5.081 0.284 -0.552 0.622
8 5.294 . 5.511 -0.217 0.269 0.944
12 5.000 5.754 -0.754 0.954 1.682
16 2.850 5.797 -0.967 1.198 2.106
0.050N
4 4.000 5.741 0.259 -0.521 0.770 .
8 5.916 4.181 -0.265 0.528 1.055
12 5.890 4.452 -0.542 0.671 1.885
16 5.804 4.476 -0.672 0.852 2.445
0.025N
4 4.600 4.411 0.189 -0.254 0.669
8 4.645 4.881 -0.256 0.292 1.016
■ 12 4.555 5.117 -0.784 0,971 1.576
16 4.562 5.152 -0.790 0.979 2.274
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Table 15.
Equilibrium Results of Nickel,Cadmium.Cobalt and Zinc
_ . . . . » , • T—V • I -m _ n_ _ _    ^  p" 0  /*>j _ O  A'^'T>T7"T~>
Nickel Sulphate
A G°
Eq./l. Intercept In 1 InKm Kjoules/eq. K.joules/mole
0.100 5.088 3.5-11 -0.425 0.524 1.910
0.050 5.575 4.181 -0.606 0.751 1.080
0.025 4.555 4.881 -0.528 0.654 .1.065
Cadmium Sulphate
0.100 2.956 5.511 -0.555 0.687 1.266
0.050 5.612 4.181 -0.569 0.705 ' 1.097
0.025 4.049 4.881 -0.852 1.051 0.860
Cobalt Sulphate
0.100 5.052 5.511 -0.479 . .0.595 1.680
0.050 5.580 4.181 -0.601 0.744 1.197
0.025 4.212 4.881 -0.669 0.829 1.016
Zinc Sulphate
0.100 5.010 5.511 -0.501 0.621 1.950
0.050 5.515 4.181 -0.668 0.827 1.159
0.025 4.151 4.881 -0.750 0.929 O.7O8
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Table 16.
Equilibrium Results of Potassium-Lanthanum
Chloride Exchanges, 25^0.
0.10N
^ DVB Intercept i n ^
c
InK^
A G° 
Ejoules/eq.
lO
Ejoules/mole
4 9.264 6.165 5.101 -2.561 0.527
8 . 10.214 7.022 5.192 -2.656 1.259
12 10.820 7.508 5.512 -2.755 2.512
16 11.110 7.594 5.516 -2.904 5.047
0.25N
4 7.680 4.500 5.180 -2.626 1.048
8 8.595 5.225 5.568 -2.781 2.409
12 9.287 5.674 5.615 -2.984 . 5.245
16 9.610 5.800 5.810 -5.146 5.154
0.50N
4 6.588 5.184 5.204 -2.646 2.011
8 7.025 5.850 5.175 -2.620 2.505
12 7.711 4.295 5.416 -2.820 5.495
16 8.258 4.404 5.854 -5.166 5.840
0.25N
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Table 17
Equilibrium Results of Potassium - Hexammino 
GobaltClll) Chloride Exchanges,25°0.
DVB Intercept I n ^
C
InK^ ^
nu
Kjoules/eq.
0)
Ejoules/mole
• 4 10.750 4.490 6.240 -5.152 -5.409
8 10.955 5.225 5.708 -4.714 -5.708
12 10.544 5.674 4.870 -4.021 -5.270
16 10.950 5.8ÙO 5.150 -4.256 -2.205
,50N
4 9.057 5.184 5.875 -4.850 -5.575
8 9.565 5.850 5.515 -4.555 -5.589
12 9.775 4.295 5.480 -4.526 -2.440
16 9.965 4.404 5.561 -4.592 -1.682
-  1?1
Table 17.(cont’d)
Equilibrium Results of Potassium - TrisCetliy- 
lenediamine)Cobalt(lll) Chloride Exchanges,25°C
0.25N
2
% DVB Intercept I n ^  InK^ Ejoules/eq. Kjoules/mole
c
4 9.346 4.490 5.056 -4.175 -5.084
8 10.251 5.225 5.026 -4.150 -4.410
0.50IJ
4 8.59-1 5.184 5.407 -4.465 -4.648
8 8.998 3.850 5.'148 -4.251 -3.736
172 -
4:2 Discussion
Ac Heats of Exchange for Uni-bivalent Systems.
From the results given in Table 1, it is observed 
that all the reactions are endothermie for uni-bivalent 
systems. A small heat is evolved when two potassium ions 
are released into the solution in comparison with the amount 
of heat absorbed when an exchanging bivalent ion enters the 
exchanger. The effect of the cross-linking of the exchanger 
on the heat of exchange can be observed in FlG.84(p.189) 
Usually the endothermie character of the reaction increases 
with increasing cross-linking (69), but this effect was 
not followed in the present studies where the heat of the 
reaction was found to decrease with increasing cross-link­
ing (although some exceptions are found e.g. nickel and 
cobalt at D.V.B.). It has been mentioned already that 
at higher cross-linking the reaction was very slow, as was 
indicated by the time of the reaction which was very long 
and it seems therefore that steric hindrance could be 
involved at such high cross-linking. The heats of exchange 
observed in the uni-bivalent systems are not related to 
selectivity but seem to bear some relationship to the crys­
tal radius of the ions, which can explain the large endo-
o
thermic character for cadmium whose crystal radius is 0.96A
0 0 o
in comparison with Zn,0«74A ; Ni,0.70A and Co,0.72A.(70).
This difference is more evident at lower cross-linking than 
at' higher ones. It seems too, that the endothermie charac­
ter of the reaction is more pronounced for the transition
175
elements than those found for the elements of the group
llA (49). :
As pointed out by B0YD(69) the endothermie cha­
racter of the reaction for uni-bivalent systems is probably 
related to the enthalpies of hydration of the ions which 
participate in the exchange process and hence to the large 
negative values of enthalpy of hydration of the bivalent 
ions as compared with those of univalent ones.
. It has also been reported (^) that in exchange 
reactions with hydrogen large enthalpy values were found 
for cadmium as compared with the transition elements.
Inspection of Table 2 which contains data for 
the corresponding measurements for metal chloride solutions 
shows a large difference in the enthalpy of exchanges bet­
ween the cadmium chloride case and that of cadmium nitrate 
(Table 1.) . This difference diminishes with decreasing 
concentration of the external electrolyte, the heat of 
reaction in fact being a little higher for the chloride 
(at 0.025N) than for nitrate(at 0.1N), Table 1. This may 
arise from the fact that in the latter case the percentage 
of exchange reached was 77.7, as compared with 85-95 per­
cent exchange in the other cases and on extrapolation to 
one hundred per cent, an error could be introduced in the 
final enthalpy of exchange value. These differences found 
between the cadmium chloride and nitrate systems at higher 
concentrations are related wüK association which competes 
and reduces the extent of exchange and so contributes to a 
decrease in the hear of exchange.
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B. Enthalpy of Exchange for Uni-Tervalent Exchange. .
The highly endothermie reaction of the lanthanum 
exchange is evident from the values reported in Table 5 
(p. 99 ). Lanthanum is a highly hydrated ion and by con­
trast the exchange reactions with the slightly hydrated 
ions [Co(NH^)^] and [ Go(en)^ were only slightly
endothermie in the former case and much less endothermie 
than lanthanum in the latter case. Also, the enthalpy of 
exchange seems to follow the reverse order of selectivity 
and the endothermie character of the reaction decreases as 
the water content of the résinâtes decreases (Table 5,p.102) 
In the lanthanum chloride case it can be seen that the 
enthalpy of exchange increases with the cross-linking up 
to a nominal content of 8^ D.V.B., afterwhich it decreases 
on further increasing the cross-linking. The effect of - 
cross-linking is clearly shown with tris(ethylenediamine) 
cobalt(lll) chloride exchange, where the percentage of 
exchange reached was very low, except for the exchanger 
of-lowest cross-linking. This may be caused by very slow 
reaction rate as shown by the equilibrium experiments which 
was not possible-to carry out for exchanges of 12 and 16^ j 
D.V.B. or that the resin may be acting as a sieve discrimi­
nating against the large ion, [Co(en)^ thus, the
exchanger cannot be saturated with these ions to its total 
capacity, especially at higher cross-linkings.
17^
G. Relation between Free Energy and Selectivity in 
Uni-Bivalent Systems.
From the results concerned with free energy of 
exchange (Tables 7 to 10,p.160-16$ ), it is apparent that 
as would be expected,, the values of AG° found experi­
mentally become more positive as the selectivity shown by 
the exchanger decreases. It is also observed that the free 
energy remains almost constant within experimental error, 
over the range of concentrations studied. The effect of 
concentration on selectivity can be seen from the isotherms 
(FIG8. 18,20,etc.). Selectivity increases as the dilution 
of the solution increases as expected from equation (1:1:4). 
The selectivity order as given by AG^ found for the metal 
nitrates is shown graphically in FIG.8$ (p.190) and it is 
Ni > Cd Co > Zn up to 8 % cross-linking, but for 12 and 
160 cross-linking an inversion of selectivity occurs bet­
ween cadmium and nickel, but the order is otherwise un­
changed. From results reported by BONNER and his co-workers 
(71) for the same bivalent cations in exchange reactions 
with lithium, the same order of selectivity was deduced 
and an inversion of selectivity between cadmium and nickel 
at 160 D.V.B. was also reported (FIG.86,.p. 191 )• The effect 
of cross-linking of the exchanger on selectivity can also 
be deduced from FIG,8$ (p.190 ). A decrease of selectivity 
with increasing cross-linking was found which is in the 
opposite sense to that reported by B0NNER(71). BOYD(69) 
found in the sodium-zinc exchange reactions, selectivity
176  -
as reflected by A G° (becoming more negative) increased
up to 80 D.V.B., where the maximum value was reached, after- 
which a decrease of selectivity with increasing cross-link­
ing was observed. It is apparent here that the degree of - 
hydration or size of the univalent ions as well as that of 
the bivalent ones could play an important role. The order 
of hydrated size of the alkali metal ions is Li ^  Na ^ K 
and it is observed (Table 6,p.102 ) that as the differences 
between the water content of both the bivalent and potas­
sium résinâtes become smaller with increasing degree of 
cross-linking, the selectivity showed by the exchanger 
towards the bivalent ions when the exchanger is initially 
in the potassium form decreases. This could, in effect, be 
reflecting the enhanced selectivity towards the potassium 
ion under such conditions rather than any specific property 
of the bivalent metal ions. ' ■
Generally it is found that selectivity increases 
with cross-linking because of a decrease in swelling but 
inverse situations such as those mentioned above have been 
found by other workers. Thus, NICHOLS (48) in anion ex- 
.change studies observed an increase of selectivity with 
increasing cross-linking for uni-univalent systems, but a 
decrease of selectivity with increasing cross-linking in 
all uni-bivalent exchange systems.
The relation between selectivity and cross- 
linking in exchange reactions between potassium and biva­
lent ions observed in the present studies is probably to
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be attributed primarily to an enhanced selectivity of the 
exchanger for the potassium ion at the higher degrees of 
cross-linking, as was suggested above. This view is sup­
ported by BONNER'S results (71)' which showed (FIG.87) a 
sharp increase in selectivity for the potassium ion at 
higher cross-linking as compared with sodium and lithium, 
which could mean that selectivity towards bivalent ions 
could be reduced when the exchanger is initially in the 
form of a very much preferred ion as is the case for the 
potassium form at high nominal content of D.V.B. In any 
case, there is not a universal rule relating selectivity 
and cross-linking and much depends in all probability on 
the nature of the ions being exchanged.
D. Interaction in Solution.
As was mentioned previously (p.16 ) interactions 
between the coion and the counter ion in the solution is 
an important factor affecting selectivity. If the thermo­
dynamic equilibrium constants obtained for exchanges with 
nitrates as coions are denoted as standard, since virtually 
no association is exhibited by metal nitrates in solution 
then, complex-formation between coions and counter ions 
is mostly accurately reflected in the InK^ values for 
reactions involving coions other than nitrates and these ' 
InKm values are only "apparent",(Tables 11 to 14,p. 164-167) 
The influence of different coions on selectivity can be 
seen from the ion exchange isotherms (p. 108,109 & 110)
As expected the problem of complex formation was clearly
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evident in the case of cadmium chloride. The differences
between the free energy of exchange, A for both nitrates 
and chlorides as coions are shown graphically in FIG.88 
(p.19.2 ), these differences are maintained through the 
different cross-linkings. It was also observed that on 
decreasing the total ionic concentration, the differences 
in the Ag* values between nitrates and chlorides became 
smaller. With respect to nickel, cobalt and zinc ,some 
differences between the chlorides and nitrates were noted 
for 0.1N solutions but these decreased for 0.0$N solutions 
and even again for 0.02$N solutions. At the last concentra­
tion the small differences are undoubtedly due to experi­
mental error. It is possible that there is some degree of 
complex formation between the metals and chloride ions in 
the case of cobalt, nickel and zinc at. 0.1N electrolyte 
concentration. However, it is not possible to correlate 
these difference with the formation constants for the res­
pective chloro complexes reported in the literature.(72). 
These formation constants are small whilst the experimen­
tal error in the determination of InK^ (about 20 ) make 
such a correlation difficult to achieve.
In the case of the metal sulphates, the problem 
of complex formation again appears. The difference bet­
ween the two constants, "real" and "apparent" does not 
seem to follow any order with the logarithm of the forma­
tion constants as reported in the literature (72,7$)
, = 2.32; = 2.31; l o g K g ^ g Q ^ ^ =2.31
l°SKco80^ = 2 . 3 6
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Again, this is probably due to the fact that these values 
are quite close to each other and are furthermore small.
The mean activity coefficient for the metal sulphates at
0.1M have been found to be the same between them (74).
E. Additional Energy Term, to for Uni-Bivalent Systems.
From the .data reported in Tables 7 to 10(p.160- 
1(5$ ) and FIG8. 89 to 92 (p.19$-194), it is apparent that 
the additional energy term is affected by the external 
electrolyte concentration, usually decreasing with decreas­
ing concentration. This may be related to the decreased 
activity of the water, in the external phase producing a 
greater need for solvation by the ions and this is provided 
by ion-pairing with the sulphonic group or,more likely,it 
is associated with the reduced swelling of the exchanger 
at higher external electrolyte concentrations. Some ex­
ceptions to this pattern are found in the potassium-nickel 
nitrate exchange with 120 D.V.B., where.w increases sharply 
up to 0.0$N and after decreases up to 0.1N. It is' worth 
noting that 0) is determined by the slope of the selectivity 
plot, it is very sensitive to small changes in slope and 
is,therefore, subject to large experimental errors.
Inspection of FIG.9$ (p. 195) shows that the 
additional energy term increases with increasing cross- 
linking of the exchanger. In cases of high water contents, 
that is low cross-linkings, the dipole field of water 
molecules can weaken the interactions between the ions
180
occupying adjacent sites or between the ions and the 
sulphonic group, resulting in a lower value for the 
additional interaction energy, w « Furthermore, at higher 
cross-linking the exchanger is tightly packed, the ionic , 
density is higher and this, in fact, may be the major 
contribution to an increase in ^ .
F o The Standard Free Energy and Selectivity in Uni- 
Tervalent Systems.
As mentioned previously, selectivity increases 
with counter ions of higher valences as expected from 
equation (1:1:4). The order of selectivity as indicated 
by A G° is C Co(NHj)g ] [Co(en)^ .
The large affinity showed by the exchanger towards com­
plexes with uncharged ligands as [Co(NH^)^] and
[Co(en)y ] have also been reported by BAYSAL (75).
Selectivity increases with cross-linking in the 
lanthanum case and it decreases with cross-linking in the 
case of the complex ions (FIG.94,p. 196 ). Since selectivity 
( a G^) is also affected by the size of the ions being 
exchanged it could arise that selectivity towards terva- v, 
lent ions increased with increase in cross-linking since 
a decrease in the total volume of exchangeable ions occurs 
when three potassium ions are replaced by one tervalent 
ion, B^^. This effect might in this case be greater with 
a hydrated ion than with a complex ion, particularly if 
the former could shed all or part of its solvation sheath 
since the latter cannot shed its ligands without decompo-
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sition. In such a situation ( replacement of by )
the smaller total volume of B^^ ions involved could for 
a resin of lower or medium cross-linking involve steric 
difficulties in the location of each B ion adjacent to 
three sulphonic acid groups simultaneously, indeed if 
there is any significant degree of ion-pairing this could 
involve a marked contraction and distortion of the matrix. 
Hence, selectivity might depend to some degree on the 
flexibility of the matrix. Accordingly selectivity towards 
B^ "^  could be as great or even greater for a 40 cross-linked 
than for an 80 cross-linked exchanger.
G. The Additional Energy Term, g) in Uni-Tervalerit Systems
The effect of cross-linking and concentration 
(EIG8.95,96 ;p. 197,198 )and their relationship with w are 
the same for uni-tervalent systems as for uni-bivalent 
systems. \ .
The additional energy term, qj is positive in 
the case of lanthanum and negative in the ca^ s-e of the 
complex ions, [ Go(NH^)^ 3 5+ and C Co(en)^ ] Negative 
values of w , can arise if it is more difficult for the 
potassium ions to occupy adjacent sites'in the resin than 
it is for B^'*" or B^’^ ions. This is most likely to occur 
with tervalent B^ "^  ions since only one of these enter for 
every three potassium ions displaced. Hence, the total 
volume of B^ "^  to be accommodated in the exchanger in the 
B^ "^  form must be less than the total volume of the potas­
sium ions to be accommodated in the exchanger in the
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potassium form. This effect can he more pronounced with 
complex than with hydrated metal ions, since the latter 
appear to take a substantial solvent sheath with them into 
the exchanger, as indicated by the water content of the 
résinâtes (Table 6,p.102). Hence, negative values of o) 
are most likely to occur with [Go(HH^)^^ and po(en) ]
ions than with lanthanum ion,
H.Gorrelation between A and possible Factors affecting 
Selectivity.
In earlier studies of cation exchange systems 
involving alkaline-earth metals (49), a correlation had 
been observed between the hydrated ionic radii (70) of 
those metals and the free energy change of their exchange 
reactions with the potassium ion. However, it is evident 
from the data plotted in FIG.97 (p.199.) that this rela­
tionship does not extend to the systems studied in the 
present work. It is important to note that the various 
values for the hydrated ionic radii reported in the lite­
rature are not always in accord. Accordingly, any conclu­
sions drawn on the basis of such data are subject to a 
degree of uncertainty particularly if the hydrated ionic 
radii for the series of ions under consideration have been 
drawn from more' than one source.
18$
It has been suggested that it should be possible 
to correlate the free energy changes of the exchange re­
actions with the free energy change of the hydration of 
the ions being exchanged (76), on the basis that such 
differences in hydration energies could be a factor in 
determining selectivity as suggested in another approach 
(77,78,79). It is evident that the results obtained in 
the present studies do show that such a correlation would 
appear to hold for some, but not all of the ions (FIG. 98, 
p. 200).In particular, cobalt and nickel appear as excep­
tions and this could arise from the 'Special characteristics 
of the transition metals. Unfortunately, data for the free 
energy changes of hydration of the complex.cobalt(ill)ions 
are lacking and hence it is not possible to examine the 
applicability of this correlation to the case of the uni- 
tervalent exchange systems studied here.
BONNER (16,17,71) observed that there was a 
relationship between the selectivity for various ions and 
the maximum water uptake by the appropriate forms of the 
resin. This applied to a number of uni-univalent and some 
uni-bivalent cation exchange systems. Whilst the water 
content of the resin is of less immediate fundamental 
significance than the free energies of hydration of the 
ions present in the exchanger, it must of course be depen­
dent on and related to such fundamental quantities. More­
over, it is of great practical significance to be able to 
relate selectivity to a quantity that is readily determined 
experimentally. Accordingly, careful consideration has been
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given to this type of approach,with the additional object 
in view that any correlation of selectivity with an expe- 
rimentally determined parameter can but contribute to an 
ultimate theoretical understanding of the phenomenon.
The experimental data obtained in the present 
studies show a clear cut relationship between the free 
energy change of each exchange process and the water con- 
tent of the resin in the form of the ion that is exchang­
ing with potassium (FIGS. 99 & 100, p. 201 - 202 ). The 
fact that the same correlation applies to uni-bivalent 
and to uni-tervalent reactions for each of four different 
resin cross-linkings is quite striking. Furthermore, it 
is to be noted that in.each case the water content of the 
potassium form resin falls on each of the four lines 
(corresponding to the four degrees of cross-linkings) at 
the point corresponding to 4 G*^ = 0, which is indeed cor­
rect for the case of potassium-potassium (e.g. isotopic 
exchange). It is noteworthy that the correlation applies 
to complex as well as *to simple ions and to transition 
metals as vjell as to main group metals. The changes of 
free energy for the exchange reactions are plotted against 
the corresponding change of water content ( from the 
potassium-form to the uni- or tervalent ion-form) are 
plotted in FIG.101 for two cross-linkings (8 & 120). .
It is encouraging to note that' the same type of 
relationship applies to the results of earlier anion 
exchange studies in these laboratories (48) which are 
plotted in FIG8 102 & 10$ (p;294._ 2If) . Clearly the
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water content of a resinate in equilibrium with an atmo­
sphere of 500 relative humidity is closely related to a 
fundamental parameter that determines the free energy 
change associated with any exchange process involving
that form of the exchanger. Equally the existence of such
■ oa correlation implies that the values of A G  obtained •
by the use of the theoretical approach employed here are 
also significant. A view that finds support in the close 
agreement between the values for A G° found in the pre­
sent work and those found by HEARS (18).
To that extent the present studies have confirmed 
the validity of the theoretical approach as applied to a 
wide range of cation exchange systems.
I. Ei-Eivalent Exchange Prediction Results.
In order to check the data obtained with uni- 
bivalent exchange systems at 0.IN and with 80 D.V.B* 
cross-linking , an attempt was made to predict bi-biva- 
lent cation exchange reactions, according to the treat­
ment developed in Section 2:7 (p.58). The reference ion 
chosen for this was calcium and the ions exchanged with 
it were cadmium, cobalt, nickel and zinc; using nitrate 
as coion in each case. The values used for the intercept 
and slope for the calcium-potassium system were those 
obtained from previous studies made in ; these laboratories 
(4-9). In the cases of cadmium and zinc, with chloride as 
the coion, was also used in order to provide a further 
test of the results obtained when chloride was the coion
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involved. The isotherms so derived (FIGS,104 to 109) 
show remarkable agreement between the experimental and 
predicted data. The results for m and A G° calculated 
from the experimental results are also reported in Table 
18, where they are compared with the calculated ones.
Some differences can be observed with respect to the 
additional energy term, o) , but bearing in mind the 
sensitivity of ca to small changes in the slope of the . 
plots, the prediction method gave successful results.
Even on the basis of the experimental data ob­
tained in the present work, it would.be possible to pre-; 
diet the values of AG° and- w for a wide series of 
systems for a given temperature , electrolyte concen­
trations and resin concentrations. When taken into con­
junction with some parallel studies of cation exchange 
reactions in which sodium is. used in place of potassium 
as the reference ion, it should be possible to extend- 
considerably the range of situations for which such 
predictions can be made.
J. Conclusions.
The statistical thermodynamic approach used in 
the present work for uni-bivalent cation exchange systems 
has been successfully applied with the introduction of 
an empirical correction factor in the selectivity expres­
sion to correct for non-uniformity of cross-linking. A 
similar success has been found for uni-tervalent cation 
exchange system, for which the theory had been developed 
previously but had not until now been corroborated with
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experimental data.Furthermore, the use of such a correction 
factor has been justified. A remarkable and quite universal 
correlation is clearly shown between the free energy of 
exchange and the water content of the résinâtes in their 
respective forms. This is furthermore corroborated in 
each case when the value for the water content of the 
potassium resinate corresponds to a value of the standard 
free energy of exchange of zero ( /i = 0 ) as would be 
expected for isotopic, potassium-potassium exchange.
Recently, the same correlation v/ith anion exchange systems 
was obtained in these laboratories. As mentioned previously 
the existence of such a correlation implies that the values 
of the free energy of exchange obtained by the present 
approach are significant.
The interaction in solution of different coions 
which participate in complex formation with the cation and 
its influence on selectivity is also evident in several 
of the systems studied. Furthermore, the reported data 
offer-a basis for application in analytical chemistry 
(e.g. chromatography ). The accuracy of the values obtained, 
is tested by means of the agreement found between the 
experimental and predicted parameters for bi-bivalent 
cation exchange reactions according to the treatment deve­
loped in Section 2; this again supports the validity of 
the present theoretical approach. Also, it is found that 
the influence of the cross-linking of the exchanger on 
selectivity depends in all probability on the nature of 
the ions being exchanged.
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The enthalpies of exchange for the bivalent 
systems do not follow the order of selectivity but may 
be related to the crystal radius of the ions exchanged.
The endothermie character of the reaction for these sys­
tems is supported at least in sign by the reported values 
in the literature. In uni-tervalent exchange systems, the 
enthalpy of exchange is related to the water content of 
the résinâtes in their particular form, hence the endo­
thermie character of the reaction decreases as selectivity 
Increases.
The additional energy term,, w is definitely 
affected by the external electrolyte concentration for 
the systems studied, which may be explained by the need 
of solvation of the ions by the decrease of the water 
activity in the external, solution,- and this is provided 
by ion-pairing with the fixed groups in the exchanger or 
more likely associated with the reduced swelling of the 
exchanger at higher external electrolyte concentration. 
Moreover , the additional energy term, depends on the 
cross-linking of the exchanger and it increases with in­
creasing cross-linking, this is explained on the basis 
that at low cross-linkings (high water content) the dipole 
field of the water molecules weaken the interactions bet­
ween the ions occupying adjacent sites or between the 
ions and the sulphonic groups. A more intensive investi­
gation of the water structure in the resin phase could be 
'of immense help towards a better understanding both of 
selectivity and the additional energy term, w .
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PIG.84: ENTHALPY OF EXCHANGES OF THE POTASSIUM-
METALCII) NITRATE REACTIONS.
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FIG.85: VARIATION OF A (f WITH CEOSS-LIHKIMG 
FOR THE METAL NITRATE EXCHANGES,0.1M.
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PIG.88: VARIATION OP FREE ENERGY OP EXCHANGE WITH 
CROSS-LINKING POR CADMIUM NITR&TE AND 
CHLORIDE EXCHANGES.
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FIG.89: VARIATION OF-ü) WITH CONCENTRATION FOR 
FOTASSIUH-HIGKEL NITRATE EXCHANGES.
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FIG.91: VARIATION OF w WITH CONCENTRATION FOR 
P0TA88IUM-C0BAIT NITRATE EXCHANGES.
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FIG.92: VARIATION OFw WITH CONCENTRATION FOR 
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PIG.94: VARIATION OF PEEE ENERGY OF EXCHANGE, 
A G°, VJITH CROSS-LINKING FOE UNI- 
TERVALENT EXCHANGES; 0.5N.
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FIG.95: VARIATION OF w WITH CROSS-LINKING 
OF UNI-TERVATENT EXCHANGES.
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PIG.96: VARIATION OP w WITH CONCENTRATION 
OP UNI-TERVATENT EXCHANGES.
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PIG.97: VARIATION OP THE STANDARD PREE ENERGY
OP EXCHANGE AG° WITH THE HYDRATED 
RADIUS OP THE IONS.
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FIG.98: PLOT OP THE STANDARD FREE ENERGY OF EXCHANGE
AGAINST THE STANDARD FREE ENERGY OP HYDRATION.
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PIG.99: PLOT OP A G^ AGAINST WATER CONTENT
OP THE RESINATES
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FIG.102: PLOT OF ^6° AGAINST
CHANGE IN WATER CONTENT OP
80ME ANION EXCHANGE REACTIONS
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0? 80ME ANION EXCHANGE REACTIONS.
2.0
0  HCO
6.02.0 4.0
Change in Water Content 
moles/eq.
- 2.0- 6.0
- 2.0
NO
6.0
8.C-
Data from N.E.Nichols (48).
* Equilibrium experiments carried out by Dr. Inczedy,
206
XGd.
PIG.104: GAEGIUM-OADMTUM NITRATE /
71
EX0HANGE;26°G.0.1N,8#DVB. /
/
/
/
/
/
G
P
G
.G
G""
X
o
XGd
(^Experimental
-Predicted
XGd
EIG.105:GAIGIUM-GADMIUM GHLORIDE 
EXCHANGE: 25°C.0■1H ■ .
/
/
/t)
/
/
xG
xO
^G
G OExp erimental 
— Predicted
XGd
207 -
]P][G. 10e%CAB0IUM-ZING NITRATE /
O" - —  /EXGHANGE;25^G.0.1N.8^D%B,
/
/W
/
XZn X
,o
.0^
,0
X
:^ Zn
^Experimental 
- Predicted
PIG.10V:CALGIUH-ZIHC CHLORIDE 
EXCHANGE; 25°C.0.'1H.8^D,EB.
XZn
/©
X
G
x(^
0
X
.o'
(Experimental 
” Predicted
X Zn
208 -
]P][G;10ES ; CAEGIUM-NIGKEL NITRATE 
EXGHANGE;25°G,0.1N.8#DVB.
/
^Ni
X
X
XW
.0
X
0Experimental 
-Predicted
^Ni
FIG.,109 (GALGIÜM-GOBALT NITRATE 
EXGHANGE:25°G.0.1N.8#PVB.
,6
0
XGo
.0
0^
X
©Experimental
■"Predicted
^Go
209
Table 18.
BI-BIVALEMT EXCHANGES; 25°C. ô%. D.V.B
Exchange
AG°
Kjoules/eq.
Predicted Experimental
0)
Kjoules/mole 
Predicted Experiments
Cadmium-Calcium
Nitrate 2.85 2.60 5.00 2.79
Cadmium-Calcium
Chloride
5.94 6.60 2.71 5.07
Zinc-Calcium
Nitrate 5.38 5.21 2.76 2.17
Zinc-Calcium
Chloride 5.65 5.61 2.48 2.25
Nickel-Calcium
Nitrate - 5.05 5.11 5.58 2.68
Cobalt-Calcium
Nitrate 5.51 5.19 5.01 2.45
S E C T I O N  5
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5:1 VARIATION OP ^ WITH RE8IN BOADING.
Such a variation is to he expected because of 
the oversimplification used in the model, namely that the
distribution of the ions in the exchanger is random. This 
cannot happen if there is an additional energy associated
p ,
v/ith placing of two B ions on adjacent sites, as is also
assumed. Under such conditions, the occurrence of B^^-B^^ 
2—  2—(or B “-B ~) pairs in the resin matrix will be delayed 
until the loading of the resin with B^+ ions ( ) is
such that the occurrence of such pairs can no longer be 
avoided. Thus, the apparent values of u ( which is a 
constant factor determining the value of the additional 
energy for any given value of Xg) will range from zero 
(or virtually so) at Xg = 0 to a value greater than the 
true one at x^ =1 .In the circumstances it is best to 
ascertain either the real or the apparent value of oJ at 
= 0.5 (referred to below as r) and to relate the
other apparent values of ü to this one, if at all possible.
Now, the basic equation arising from the model
used is
f2
 ^ “ râ“ ^B (A:1)
I 2
Denoting InK^^.^A/f^ by Y, the above expression becomes
Ï - lnK,j, + In I _ (A:2)
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For positive values of Y is a maximum ( Y^ ) when
x-p = 0 and when, for reasons given above Ü 0,b ° app.
Then by assuming that ^ x^/RT = 0
>  W  (A:3)
Since the values of ^ obtained by the use of equation
(A:1) are to be regarded as apparent, (J , values only,
a p p
^ = ^max " ^^pp'RT (A:4)
At Xg = Oo5î (A:4) becomes
to0.5 = 2RT ( - (Oo.5 )
Rearranging (A:4) gives
RT , X
^app “ Xg ( ^max ” ) (-^ *6)
From equations (A:5) and (A:6)
= 1 ( Tnax - ( O  j
0.5 2xg ^ - (Y)q ^5 )
The values for Y and (Y)p.  ^ can be
obtained from the selectivity plot of Y against x^ by 
extrapoltation to x^ = 0 and reading off the required 
points.
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The above treatment has been applied to both 
anion and cation exchange reactions; namely, the chloride-
oxalate exchange at several temperatures and the cation
exchange reactions between potassium and the transition 
metal ions (nickel,cadmium,cobalt and zinc). The selec­
tivity plots for the anion exchange system are shown in 
FIG.110 (p. 214 ) and those for the cation exchange sys­
tem in FIGS.112-to 115 (p.216 - 217). Also, values for 
.Ymax ( obtained by extrapolation) and those for Yq ^ 
(obtained by interpolation) are tabulated in Table 19
(p.219 ). The variation of to with x-n isapp u. p JD
shown in Fig.Ill (p.215 ) for the anion exchange system
and. in FIG.116 (p. 218) for the cation exchange system.
On these plots are also shown the variation of the empi-
rical correction factor 1+(kg-x^)+(x^-x^)~+(xg-x^)^
with Xg. It is clear from these plots that the correc­
tion factor reflects fairly well the deviation of u> 
from its mean value ( ' (0^  _) with resin loading (x^J, 
justifying the case for using such a correction factor 
in this work. A further justification for the use of 
the correction factor is the remarkable success achieved 
in predicting bi-bivalent exchange reactions (see Dis­
cussion).
214
FÏG.110:8ELECTIVITY PEOT OP OXAEATE-GHEOPIDE EXCHANGE
0.8
0.6
0.4
0.2
Oxalate ion. 
Chloride ion
0.^0
X.
- 215
ON
CO
NO
lA
OH
m
lA
O
3
AA
rs
3
216 -
PIG.112: SELECTIVITY PLOT OP P0TA88IUM-NIGKEI,
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Table 19.
Anion Exchange System
Cliloride-Oxalate Exchange "^ max "^ 0.5
ic^c 1.05 0.85
$5^0 1.40 1.20
45°C . 1.60 1.40
55°G 1.80 1.55
. Cation Exchange System,
Y Y
Exchange max 0.5
Potassium-Nickel 5.80 5.45
Potassium-Cadmium 4.00 5.55
Potassium-Cobalt 5.75 5.54
Potassium-Zinc 5.70 5.25
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5:2 EQUILIBRIUM EXPERIMENTAL RESULTS
P 01 as s i iim- N ickel Nitrate Exchange,25°C.
4# DVB
Oe ION 0.05N , 0.025N
=Ni ^Ni ^Ni %Ui ^Ni
0.5956 0.0565 0.2588 0.0076 0.4955 0.0227
0.5269 0.1044 0.5955 0.0905 0.6517 0.0800
0.6007 0.1764 0.6746 0.1567 0.7068 0.1188
0.6856 0.2755 0.7570 0.2229 0.7824 0.2189
0.7600 0.5674 0.7796 0.5052 0.8462 0.5788
0.7915 0.4459 0.8212 0.4077 0.8726 0.4591
0.8274 0.5588 0.8458 0.5022 0.9101 0.6075
0.8602 0.6461 0.8778 0.6160
0.8804 0.7554
0.8842 0.7845
8# DVB
0.ION 0.05N 0..025N
^Ni ^Ni . %Ui ^Ni ^Ni %Ui
0.5585 0.0559 0.4478 0.0578 0.4128 0.0165
0.5180 0.0902 O.56O8 0.0789 0.5991 0.0546
0.6250 0.1796 : 0.6466 0.1457 0.6785 0.1025
0.6777 0.2652 0.7021 0.2061 0.7457 0.1769
0.7258 0.5657 0.7618 0.5255 0.8065 0.2809
0.7620 0.4501 0.7868 0.4045 0.8168 0.5217
0.7988 0.5546 O.8I58 0.4674 0.8527 0.4168
0.8596 0.6291 0.8484 0.5784 0.8885 0.5580
0.8657 0.7257 0.8555 0.6002 0.8927 0.5592
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Potass iuni-Nickel Nitrate Exchange, 25°C
12# DVB
0.ION 0.'05N 0..025N
^Ni ^Ni ^Ni %Ni %Ui
0.5452 0.0501 0.2600 0.0105 0.2750. 0.0082
0.4659 0.1128 0.4475 0.0574 0.4656 0.0507
0.5542 0.1955 0.5552 0.1055 0.5980 0.0899
0.6148 0.2854 0.6212 0.1946 0.6850 0.1607
0.6612 0.5745 0.6790 0.2666 0.7576 0.2514
0.7021 0.4664 0.7175 0.5625 0.7646 0.5195
0.7510 0.5675 0.7509 0.4282 0.8044 0.4171
0.7877 0.6578 0.8064 O.6I27 0.8501 0.4995
0.8255 0.7511
0.8472 O.8O5I
16# DVB
0.,10N 0.05N 0. 025N
%Ni ':=Ni ^Ni ^Ni % i
0.5540 0.0420 0.4475 0.0591 0.2464 0.0076
0.4562 0.1124 0.5255 0.1125 0.4410 0.0521.
0.5596 0.2049 0.5898 0.1974 0.5685 0.0855
0.5970 0.2924 0.6451 0.2861 0.6518 0.1805
0.6522 0.5855 O.68I9 0.5626 0.7014 0.2605
0.7275 0.5756 0.7251 0.4551 0.7296 0.5577
0.7650 0.6621 0.7507 0.5171 0.7660 0.4454
O.8I72 0.7459
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Potassium-Cadmium Nitrate Exchange,
4# DVB
25°C
0.10N 0.05N 0.025N
^Od ^Cd %Ud %Ud %Cd ^Gd
0.5400 0.0552 0.2486 0.0085 0.2791 0.0061
0.5170 0.0974 0.4475 0.0515 0.4996. 0.0249
0.6288 0.1850 0.5850 0.0761 0.6212 0.0570
0.6965 0.2650 0.6718 0.1405 0.7270 0.1257
0.7504 0.5610 0.7511, O.25O8 0.7814 0.1844
0.8209 0.5446 0.7804 O.29O6 0.8178 0.2660
0.8592 0.6414 0.8185 0.5825 0.8586 0.5770
0.9014 0.7665 0.8514 0.4780 O.88I9 0.4675
0.8854 0.5771 0.9105 0.5502
0.9012 0.6502 0.9220 0.5850
8# DVB
0.ION 0.,05N 0.025N
^Cd ^Cd %Ud =Cd ^Cd %Ud
0.5579 0.0296 0.4414 0.0570 0.5702 0.0126
0.5194 0.0959 0.5644 0.0778 0.5720 0.0485
O.6O79 0.1698 0.6521 0.1548 0.6515 0.0850
0.6818 0.2616 0.7185 0.2167 0.7540 0.1485
0.7500 0.5491 0.7712 0.5155 0.8516 0.5409
0.7719 0.4457 0.7969 0.5808 0.8570 0.4166
0.8045 0.5282 0.8214 0.4486 0.8765 0.4749
0.8485 0.6257 0.8590 0.5679 0.8855 0.5159
0.8788 0.7218 0.8792 0.6288
0.8952 0.7595
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Potassium-Cadmium Nitrate Exchange, 25 C
12# DVB
0.10N 0.05N 0.025N
%Cd ^Cd ^Od %Cd %Cd =Cd
0.5857 0.0528 0.4692 0.0560 0.4844 0.0280
0.520^ 0.1010 / O.6O5O 0.1061 0.6204 0.0611
0.6047 0.1852 0.6501 0.1554 O.7II8 0.1586
0.6580 0.2709 0.7108 0.2596 O.75I8 0.2158
0.7057 0.5675 0.7520 0.5569 0.7891 0.2956
0.7466 0.4618 0.7850 0.4128 0.8284 0.5988
0.7822 0.5440 0.8225 0.5055 0.8594 0.4750
0.8186 0.6581 0.8505 0.5987 0.8820 0.5658
0.8674 0.7482 0.8659 0.6587 0.8979 0.6209
0.8875 0.7948
16# DVB
0.ION 0.05N 0.025N
%Cd %Ud %Cd ^Cd %Cd ^Cd
0.5868 0.0568 0.4799 0.0571 0.2550 0.0065
0.5210 0.1066 0.5945 0.1014 0.6158 0.0752
0.6017 0.1860 0.6489 0.1649 0.6955 0.1548
0.6470 0.2715 0.7124 0.2487 0.7550 0.2470
0.6964 0.5745 0.7457 0.5114 0.7814 0.5065
0.7415 0.4561 0.7765 0.4229 0.8186 0.4065
0.7810 0.5474 O.8I55 0.5115 0.8546 0.5011
0.8082 0.6426 0.8454 0.6014 0.8771 0.6055
0.8650 0.6411 0.8877 0.6528
224 -
o.Potassium-Cobalt Nitrate Exchange, 25 G
4# DVB
0.ION 0.05N 0.025N
^Co ^Go ^Go %Go %Go
0.5585 0.0560 0.2552 0.0092 0.4762 0.0244
0.5595 0.1156 0.4548 0.0574 0.6497 0.0775
0.6524 0.1965 0.5761 0.0808 O.75O8 0.1420
0.6944 0.2624 0.6758 0.1557 0.7828 0,2091
0.7560 0.5744 0.7296 0.2114 0.8508 0.5001
0.7956 0.4794 0.7850 0.5215 0.8616 0.5841
0.8247 0.5588 0.8099 0.5885 0.8850 O.47O8
0.8608 0.6275 0.8479 0.4775 0.9055 0.5570
0.8745 0.5705 0.9175 O.6I25
0.8898 0.6409
8# DVB
0.,10N - 0,,05N 0..O25N
%Co ^Go %Go
0.5556 0.0545 0.4200 0.0562 0.4002 0.0165
0.5057 0.0956 0.5529 0.0886 0.5899 0.0542
0.5950 0.1754 0.6609 0.1654 0.7246 0.1604
0.6714 0.2615 0.6940 0.2175 0.7981 0.2614
0.7175 0.5469 0.7450 0.5070 0.8244 0.5521
0.7584 0.4595 0.7946 0.4006 0.8524 0.4082
0.7958 0.5582 0.8140 0.4695 0.8880 0.5241
0.8585 0.6515 0.8482 0.5480 0.9005 0.5725
0.8654 0.7155
0.8896 0.7640
225
Potassium-Cobalt Nitrate Exchange, 25 C
12# DVB
0.ION 05N 0.O25N
%Co %Co =Co =0o
0.5211 0.0448 O.25I8 0.0100 0.2815 0.0101
0.4679 0.1158 0.4459 0.0459 0.4842- 0.0541
0.5475 0.1951 0.5519 0.1047 0.5952 0.0802
0.6156 0.2862 0.6214 0.1781 0.6764 0.1559
Oo 6668 0.5729 0.6785 0.2526 0.7297 0.2500
0.7095 0.4756 0.7251 0.5478 0.7789 0.5408
0.7491 0.5695 0.7521 0.4290 , 0.8107 0.4170
0.8562 0.7481 0.7927 0.5218
0.8646 O.8I79 0.8507 O.6I54
0.8420 0.6511
16# DVB
0.,1N 0.,05N 0.,025N
=Co %Co =Co %Co
0.5545 0.0459 0.4211 0.0410' 0.5475 0.0162
0.4691 0.1124 0.5457 0.1096 0.4420 0.0500
0.5470 0.2048 0.6208 0.1888 0.5820 0.0850
0.5956 0.2850 O.66O5 0.2567 0.6275 0.1158
0.6575 0.5862 0.7156 0.5600 0.6814 0.1826
0.7000 0.4674 0.7486 0.4512 0.7298 0.27U8
0.7400 0.5615 0,7852 0.5290 0.7685 0.5662
0.7795 0.6585 0.8165 O.6O72 0.8045 0.4680
0.8525 0.7882 0.8575 0.6524 0.8218 0.5296
226
Potassium-Zinc Nitrate Exchange, 25^0,
4# DVB
0. ION Oo05N 0.O25N
^Zn ^Zn ^Zn =Zn %Zn
0.5424 0.0560 0.4094 0.0585 0.5001 0.0081
0.5148 0.1017 0.5692 0.0849 0.5604 0.0464
0.6197 0.1828 0.6842 0.1662 0.6715 0.0979
0.6998 0.2646 0.7450 0.2592 0.7298 0.1592
0.7485 0.5555 0.7714 0.2925 0.7925 0.2542
0.7925 0.4454 0.8295 0.4259 0.8068 0.2582
0.8597 0.6500 0.8541 0.4978 0.8608 0.5866
0.8902 0.7268 0.8748 0.5896
0.9079 0.7747.
8# DVB
0.ION 0.05N 0.,025N
^Zn =Zn %Zn %Zn %Zn
0.5488 0.0579 0.5475 0.0854 0.1555 0.0029
0.4996 0.0995 0.6655 0.1699 0.5512 0.0122
0.6029 0.1946 0.7219 0.2526 0.4576 0.0216
0.6751 0.2870 0.7644 . 0.5221 0.6541 0.0845
0.7255 0.5651 0.8087 0.4087 0.7265 0.1454
0.7645 0.4564 0.8549 0.4959 0.7854 0.2554
0.8065 0.5466 0.8760 O.6I74 0.8161 O.5OO6
0.8465. . 0.6474 0.8489 0.5891
0.8848 0.7577
227 -
Potassium-Zinc Nitrate Exchange. 25 C
12# DVB '
0 . ION 0.(35N 0 . 025N
^Zn %Zn %Zn =Zn =Zn =Zn
0.4667 0.1162 0.2729 0.0121 0.4511 0.0557
0.5497 0.2007 0.4254 0.0416 0.5254- 0 . 0 6 8 5
0.6128 0.2858 0.5455 0.1064 0.6142 0 , 1 0 6 9
0.6607 0.5751 0.6097 0.1715 0.6670 0 . 1 5 4 8
0.7051 0.4656 0« 6682 . 0.2471 0.7196 0,2392
0.7490 0.5558 0.6989 0.5152 0.7699 0.3447
O.8OI9 0.6481 0.7461 0.4105 0.8056 0 . 4 2 9 6
0.8572 0.7881 0.7785 0.4748 0.8158 0 . 4 6 4 5
0.8256 0.5854
0.8546 0.6586
16# DVB
0 .,10N 0 . 05N 0 .. 0 2 5 N
=Zn ^Zn =Zn %Zn %Zn ^Zn
0.4452 0.1077 0.2545 0.0099 0.4400 0.0546
0.5404 0.2025 0.4446 0.0568 0.5505 0.0785
0.5971 0.2886 0.5422 0.1166 0.6067 0.1164
0.6655 0.5856 0.6145 0.1966 0.6585 0.1799
0.6982 0.4611 0.6711 0.2858 0.7077 0.2628
0.7598 0.5577 0.6948 0.5565 0.7451 0.5425
0.7852 0.6596 0.7547 0.4257 0.7714 0.4051
0.8254 0.7515 0.7715 0.5028 0.7899 0.4618
0.8554 0.6590
0.8446 0.6726
228
o,
4# DVB
0.ION 0.05N 0.025N
%^ Ni %Ni x^ Ni %Ni
0.5587 0.0595 0.2420 0.0085 0.5058 0.0068
0.5281 0.1094 0.4480 0.0500 0.4850 0.0212
0.6226 O.I8I5 0.5600 0.0785 O.6I5O 0.0549
0.6850 0.2556 0.6568 0.1509 0.6528 0.0785
0.7426 0.5455 0.7512 0.2597 O.7II8 0.1219
0.7926 0.4455 0.7798 0.5007 0.7719 O.I9O6
0.8527 0.5407 0.8506 0.4596 0.8216 0.2901
0.8620 0.6100 0.8650 0.5788 0.8450 0.5470
0.8988 0.7151 0.8890 0.6498 0.8580 0.4126
0.9090 0.7485
8# DVB
0.ION 0.,05N 0.,025N
^Ni %Ni %Ni %Ni %Ni
0.5528 0.0429 0.4416 0.0579 0.5587 0.0115
0.4816 0.0962 . 0.5650 0.0858 0.4641 0.0257
0.5926 0.1775 0.6520 0.1545 0.5978 0.0556
0.5606 0.2655 0.7522 0.2640 0.6599 0.0891
0.7096 0.5559 0.7596 0.2850 0.7258 0.1521
0.7514 0.4599 0.7826 0.5850 0.7589 0.2081
0.8057 0.5569 0.8550 0.5797 O.8O25 0.2781
0.8661 0.7177 0.8750 0.6580 0.8575 0.5611
0.8460 0.4095
229
O■Potassium-Nickel Chloride Exchange, 25 C
12# DVB
0.ION 0.05N ' 0.025N
^Ni % i %Ni %Ni %Ni
0.5212 0.0405 0.2427 0.0158 0.2905 0.0105
0.4520 0.1094 0.4055 0.0456 0.4555 0.0258
0.5510 0.1954 0.5291 0.1055 0.5540 O.O56O
0.6205 0.2825 0.6008 0.1754 0.6297 0.1517
0.6650 0.5550 0.6620 0.2597 0.6705 0.1922
0.7249 0.4597 0.6957 0.5598 0.7247 0.2792
0.7596 0.5591 0.7616 0.5545
0.7996 0.6475 0.7776 0.4186
0.8450 0.7279
16# DVB
0. ION o.<05N 0.025N
%Ni %^ Ni %Ni % i ^Ni =Ni
0.5070 0.0584 0.2622 0.0149 0.1598 0.0057
0.4659 0.1255 0.4165 0.0519 0.5082 0.0125
0.5429 0.2045 0.4955 0.0941 0.4555 0.0561
0.6026 0.2902 0.5742 0.1756 0.5462 0.0751
0.6480 0.5607 0.6259 0.2588 0.6096 0.1557
0.7120 0.4680 0.6855 0.5472 0.6499 0.1850
O.7I8O 0.4157 0.6874 0.2596
0.7559 0.5184
250
Potassiuïïi-Cadmium Chloride Exchange, 25°C
4# DVB
0.ION 0.05N 0.025N
%:cd %Cd %Cd %Gd ^Gd
0.2485 0.0591 0.2250 0.0225 0.1655 0.0058
0.5891 0.1500 0.5855 0.0592 0.2955 0.0150
0.5017 0.2187 0.5126 0.1170 0.4567 0.0566
0.5568 0.2960 0.6028 0.1927 0.5520 0.0695
0.6505 0.5817 Oo 66I9 0.2578 0.6566 0.1214
0.6995 0.4619 0.7540 0.5658 0.6740 0.1567
0.7554 0.5751 0.7778 0.4490 0.7250 0.2205
O.8II7 0.652^ 0.7948 0.4855 0.7804 0*5204
0.8565 0.7414 O.8I29 0.5759
0.8921 0.8040 0.8229 0.4161
8# DVB
0.,10N 0.05N 0.025N
^Cd %Cd %Cd =Gd %^d %Cd
0.2450 0.0600 0.1996 0.0215 0.1569 0.0046
0.5859 0.1265 0.5754 0.0588 0.2918 0.0142
0.4805 0.2000 0.5026 0.1216 0.4570 0.0595
0.5647 0.2819 0.5670 0.1755 0.5544 0.0712
0.6550 0.5827 0.6624 0.2858 0•6549 0.1195
0.6829 0.4658 0.7100 0.5546 0.6715 0.1549
0.7240 0.5529 0.7588 0.4085 0.7461 0.2559
0.7929 0.6688 0.7881 0.4950 0.7881 0.5252
0.8245 0.7254 0.8552' 0.5970 0.8521 0.4405
0.8498 0.7740 0.8572 0.6502
Potassiuni-Cadmium Chloride
251 -
Exchange, 25°G.
12# DVB
0.ION 0.05N Oo025N
G^d. ^Cd %Gd %Gd %Gd %Cd
0.2402 0.0348 0.5715 0.0505 0.5155 0.0165
0,5595 0.1273 0.4807 0.1145 0.5565 0.0744
0.4555 0.2085 0.5655 0.1958 0.6020 0.1245
0.5048 0.3011 0.6160 0.2586 0.6699 0.2085
0.5654 0.3900 0.6691 0.5529 0.7055 0.2649
0.6206 0.4900 0.7104 0.4257 0.7544 0.5678
0.6729 0.5691 0.7559 0.5210 0.7746 0.4162
0.7298 0.6576 0.7941 0.6020 0.7866 0.4590
0.7800 0.7639 0.8089 0.6466
0.7957 0.7946
16# DVB
0.,105 0 .05N 0..025N
^Gd %Gd %^d x^d %Gd %Cd
0.2490 0.0546 0.5850 0.0568 0.1557 0.0052
0.5690 0.1293 0.4806 0.1145 0.5249 0.0169
0.4500 0.2166 0.5651 0.2026 0.4262 0.0416
0.5204 0.3092 O.6I55 0.2609 0.5475 0.0851
0.5720 0.3943 0.6512 0.5497 O.6O79 0.1549
0.6186 0.4836 0.7150 0.4685 0.6677 0.2112
0.6740 0.5784 0.7455 0.5511 0.7094 0.2725
0.7685 0.7578 0.7981 . 0.6477 0.7525 0.5515
0.7905 0.8047 0.7772 0.4552
0.7854 0.462^
252 -
Potassium-Cobalt Chloride Exchange, 25°G
4# DVB
0.ION 0.05N 0.,025N
^^ Go ^Go ^Go ^Go %Go %Go
0.5260 0.0424 0.2542 0.0092 0.4650. 0.0226
0.4995 0.1065 0.4556 0.0589 0.5907 0.0514
0.6057 0.1858 0.5825 0.0902 0.6594 0.0851
0.6805 0.2710 0.6827. 0.1666 0.7260 0.1567
0.7559 0.5601 0.7540 0.2592 0.7764 0.2005
0.7821 0.4566 0.7815 0.5102 0.7992 0.2545
0.8210 0.5451 0.8077 0.5855 0.8442 0.5501
0.8615 0.6575 0.8498 0.4889 0.8524 0.5866
0.8926 O.75I8 0.8778 0.5859
O.88I5 0.5964
8# DVB
0.ION 0.05N 0.O25N
%Go ^Go %Go =Go
0.5260 0.0582 0.2275 0.0101 0.2551 0.0057
0.5129 0.1196 0.4155 0.0551 0.4160 0.0182
0.5988 0.1900 0.5428 0.0901 0.6217 0.0685
0c 6628 0.2871 0.6269 0.1510 0.6701 O.IOOO
0.7170 0.5781 O.68I5 0.2265 0.7490 0.2112
0.7604 0.4540 0.7552 0.5045 0.8018 0.2882
0.8516 0.6582 0.7719 0.5981 0.8551 0.5676
0.8801 0.7464 0.8075 0.4694 0.8555 O.45I6
0.9199 0.8441 0.8576 0.5555 0.8869 0.5405
0.8548 0.6012
255
o,Potassium-Cobalt Chloride Exchange, 25 0
12# DVB
0.ION 0.05N u.025N
%^o =00
0.5518 0.0456 0.4201 0.0579 0.4480 0.0270
0.4599 0.1085 0.5555 0.0995 0.5474 0.0655
0.5557 0.1958 0.6249 0.1855 0.6215 0.1168
0.6516 O.29I6 0.6756 0.2544 0.6646 0.1664
0.6954 0.5811 0.7052 0.5049 0.7211 0.2578
0.7502 0.4715 0.7576 0.4188 0.7606 0.5460
0.7820 0.5428 0.7720 0.4946 0.7962 0.4405
0.8210 0.6515 0.8587 0.6559 
16# DVB
0.8158 0.4775
0.ION 0.,05N 0.025N
%Co =Go
0.51489 0.0415 0.4245 0.0525 0.4565 0.0548
0.4416 0.1015 0.5581 0.1161 0.5655 0.0829
0.5510 0.1985 0.6089 0.1948 0.6058 0.1174
0.6677 0.5750 0.6665 0*2655 0.6651 0.1862
0.7551 0.4786 0.7044 0.5557 0*7051 0.2699
0.7804 0.5701 0.7285 0.4154 O.75I6 0.5656
O.8O52 0.6481 0.7722 0.5195 0.7810
0.7907
0.4664 
0.4760
254
Potassium-Zinc Chloride Exchange, 25°C
4# DVB
Oc ION Oo05N 0.025N
%Zn %Zn ^Zn %Zn %Zn =Zn
0.4906 0.0991 0.4047 0.0526 0.2255 0.0061
0.5918 0.1665 0.5486 0.0755 0.4524 0.0176
0.6661 0.2552 0.6290 O.I5I8 0.6295 0.0657
0.7278 0.5520 0.7095 0.2055 0.7065 0.1206
0,7729 0.4269 0.7558 0.2755 0.7600 0.1765
0.8122 0.5195 0.7864 0.5527 0.8100 0.2620
0.8559 0.6108 0.8722 0.5612 0.8492 0.5856
0.8995 0.7510 0.8798 0.6068 0.8957 0.5285
8# DVB
.0.ION 0.05N 0.025N
^Zn %Zn %En =Zn . ^Zn =Zn
0.5217 0.0577 0.2115 0.0108 0.4661 0.0218
0.4811 0.1027 0.5509 0.0825 0.6104 0.0660
0.5799 0.1825 0.6220 O.I5I8 0.7011 0.1557
0.6594 0.2704 0.6968 0.2161 0.7551 0.1958
0.7126 0.5567 0.7557 0.5198 0.8040 0.2902
0.7596 0.4560 0.7867 0.5959 0.8559 0.5782
0.7947 0.5525 O.8I52 0.4548 0.8647 0.4556
0.8575 0.6255 0.8478 0.5465 0.8829 0.5205
0.8822 0.7214 0.8578 0.5795
0.8922 0.7555
255
Potassium-Zinc Chloride Exchange, 25°C
12# DVB
Oc ION 0.05N 0.025N
%Zn %Zn %En %Zn =Zn %Zn
O.45O8 0.1146 0.2551 0.0155 0.2770 0.0091
0,5460 0.2015 0.4288 0.0475 0.4616 0.0510
0.5991 0.2822 0.5562 0.1048 0.6086 0.1058
0.6515 0.5705 0.6065 0.1742 0.6618 0.1566
0.7056 0.4654 0.6626 0.2578 0.7219 0.2452
0.7925 0.6555 0.6969 0.5189 0.7667 0.5167
0.8286 0.7255 0.7451 0.4214 0.8011 0.5976
0.8495 0.7557 0.7856 0.5015 0.8561 0.5159
O.8I55 0.5705 0.8776 0.6187
0.8555 0.6215
16# DVB
0.ION . Oc05N 0.025N
=Zn =Zn %En =Zn =Zn =Zn
0.5140 0.1915 0.4147 O.O5O6 0.4598 0.0544
0.5790 0.2846 0.5159 0.1087 0.5778 0.0912
0.6250 0.5755 0.5920 0.1882 0.6414 0.1550
0.6696 0.4575 0.6418 0.2615 0.7044 0.2294
0.7148 0.5471 O.68O7 O.55O8 0.7289 0.2995
0.7588 0.6288 0.7269 0.4274 0.7951 0.4509
0.8112 0.7277 0.7607 0.5152 O.8O94 0.5222
0.8265 0.7698 0.7955 0.5858 0.8262 0.5550
0.8044 0.6288 0.8518 0.6554
256
Potassium-Nickel Sulphate Exchange 25°G - 8# DVB
0.10N 0.05N 0.O25N
%Ni %Ni %Ni ^^ Ni ^Ni %Ni
0.2980 0.0495 0.2682 0.0224 ^ 0.2458 0.0082
0.4509 0.1280 0.4617 0.0755 0.4645 0.0550
0.5427 0.2068 0.5785 0.1422 0.5840 0.0782
0.6146 0.2994 0.6582 0.2051 0.6850 0.1511
0.6669 0.5899 0.7215 0.5144 0.7548 0.2159
0.7122 0.4728 0.7454 0.5782 0.7818 0.5012
0.7585 0.5777 0.7786 0.4555 0.8424 0.4524
0.8849 0.7140 O.88I5 0.5709
0.8857 0.5927
Potassium-Cobalt Sulphate Exchange 25^0 - 8# DVB
0. ION 0.,05N 0.,025N '
=Co %Go ^Go ^Go ^Go =Go
0.2984 0.0526 0.4528 0.0659 0.4262 0.0529
0.4575 0.1569 0.5420 0.1274 0.5874 0.0764
0.5401 0.2140 0.6517 0.2276 0.6609 0.1575
0.6252 0.5051 0.7155 0.5091 0.7279 0.2157
0.6670 0.5875 0.7510 0.5829 0.7859 0.5057
0.7258 0.4895 0.7882 0.4860 O.8O25 0.5671
0.7618 0.5688 0.8285 0.5707 0.8568 0.4740
0.8156 0.6677 0.8567 0.6494 0.8714 0.5652
0.8591 0.7859 0.8878 0.6257
0.8755 0.8179
O.9I6I 0.8982
257
P 01 a s s i urn- G adm i urn Sulphate Exchange 25^G - 8# DVB
0.ION Oc05N 0.025N
%^d =0d =Cd %Gd x^d =Gd
0.4501 0.1215 0.4625 0.0697 0.6790 0.1608
0.5520 0.1984 0.5687 0.1567 0.7456 Ù.25O6
0.6169 0.5014 0.6507 0.2168 0.7700 0.5155
0.6675 0.5796 0.7126 0.2962 0,7994 0.5761
O.7O88 0.4618 0.7591 0.5886 0.8464 0.4872
0.7752 0.5644 0.7876 0.4625 0.8857 0.6098
0.8212 Oc 6605 0.8200 0.5550 0.8926 0.6559
0.8627 0.7542 0.8609 O.65O6
0.8706 ,0.7877 0.8840 0.7057
Potassium-Zinc Sulphate Exchange 25°C -. 8# DVB
0.,10N 0,,05N Oc.025N
=Zn %Zn 3CZn %Zn %Zn =Zn
0.2909 0.0491 0.4478 O.O7I8 0.4185 0.0279
0.4257 0.1174 0.5761 0.145P 0.5766 0.0801
0.5565 0.2098 0.6568 0.2185 0.6725 0.1444
0.5942 0.2922 0.6955 0.2928 0.7290 0.2047
0.6479 0.5726 0.7456 0.5900 0.7872 0.5055
0.7004 0.4704 0.8099 0.5594 0.8207 0.5854
0.7411 0.5587 0.8279 0.5807 0.8456 0.4664
0.7872 0.6667 0.8591 0.6620 0.8851 0.5822
0.8552 0.7556 0.8752 0.6977 0.9202 0.6905
0.8557 0.8018
-  258
Potassium-Lanthanum
4# DVB
Oo ION 0.:5ON 0.25N
^Pa %Pa %:pa =Pa
O.55I6 0.00297 0.5555 O.O8O5O 0.6580 0.05752
0.6914 0.01010 0.6281 0.12640 0.7058 0.09556
0.8055 0.04572 0.6650 0.17550 0.7651 0.14770
0.8455 0.08462 0.6995 0.21710 0.7884 0.18810
0.8659 0.15592 0.7225 0.27170 O.8II5 0.24016
0.9000 0.22050 0.7709 0.56580 0.8455 0.55140
0.9170 0.51280 O.8I25 0.45750 0.8687 0.45200
0.9561 0.41560 0.8786 0.65740 * 0.8992 0.55580
0.9480 0.52410 0.9190 0.62620
0.9769 0.76160 0.9406 O.72O6O
0.9609 0.81890
0.9725 0.86750
8# DVB
0..ION 0. 5ON 0.,25N
^Pa ^Pa ^Pa ^Pa ^Pa =Pa
0.5585 0.00119 0.6158 0.07822 0.6905 0.04902
0.7496 0.01188 0.7012 0.17290 0.7458 0.09574
0.8299 0.04595 0.7285 0.22080 0.7748 0.14570
0.8677 0,09146/ 0.7520 0.26700 0.8062 0.19480
0.9041 0.22120 0.7920 0.56550 O.8I97 0.25680
0.9262 0.52650 0.8278 0.46140 0.8462 0.52900
0.9570 0.45250 O.86O5 0.56200 0.8720 0.42550
0.9512 0.51850 0.8896 0.65420 0.8970 0.52950
0.9614 0.61610 0.9480 0.84860 0.9158 0.62440
0.9699 0.86540
Potassium-Lanthanum Chloride
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Exchange, 25°G
12# DVB
OcION Oc 5ON 0.25N .
^La ^La ^La ^La =La =La
0.5248 0.00059 0.6460 0,07850 O.7I6O 0.04699
0.7528 0.00965 0.6885 0.12540 0.7680 0.09727
0.8516 0.04899 0.7250 0.17260 0.7920 0.14610
0.8688 0.10155 0.7480 0.22520 O.8I5O 0.19450
0.8970 0.22590 0.7686 0.27100 0.8288 0.25460
0.9452 0.55590 O.8O55 0.56860 0.8596 0.54520
0.9665 O.7I8OO 0.8540 0.46180 0.8780 0.45800
0.9705 0.76760 0.8896 0.65890 0.8970 0.55500
0.9458 0.84940
16# DVB
0.ION 0. 5ON 0.25N
%La ^La ^La ^La =La ^La
0.5729 0.00074 0.6750 0.07554 0.7480 0.05222
0.7585 0.01247 O.7I8O 0.12700 0.7850 0.10224
0.8592 0.09814 0.7450 0.17170 O.8II5 0.14700
0.8752 0,15750 0.7670 0.22460 0.8280 0.19780
0.8976 0.25580 0.7880 0.27500 0.8416 0.25940
0.9141 0.55850 0.8170 0.56590 0.8685 0.54100
0.9407 0.51960 0.8450 0.46520 0.8880 0.42950
0.9555 O.6I9IO 0.8720 0.56050 0.9085 0.55450
0.9725 0.77200 O.95I8 0.85550 0.9266 0.65140
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Potassium - Hexammiiio-Cobalt(III) Chloride Exchange,
25°C, 0.25N
4# D.V.B. 8# D.V.B.
%B
0.5911 0 . 0 0 0 2 1 5 2 0.4005 0 . 0 0 0 2 1 5 0
0.5295 0 . 0 0 0 4 5 0 2 0.6266 0 . 0 0 0 4 3 0 2
0 « 6664 0.0006450 0.6679 0.0006450
0.7714 0.0021483 0.7816 0.0015042
0.8856 0 . 0 0 9 6 6 6 0 0.8460 0 . 0 0 3 0 2 0 0
0.9524 0.0264000 0.9570 0.0257600
0.9587 0 . 0 4 7 2 0 0 0 0.9624 0 . 0 4 5 9 2 0 0
0.9850 0 . 3 0 0 5 0 0 0
12# D.V.B. 16# D.V.B.
=B
0.6921
^B
0.0012960 0.6897 0.0015120
0.8515 0.0056000 0.8428 0.0055880
0.8951 0.0155500 0.9007 0.0193300
0.9565 O.O5458OO 0.9304 0.0371400
0.9551 0.0689000 0.9457 0.0934800
0.9655 0.1156000 0.9546 0.1170700
B represents the Co(NHj)g 3+ ion.
Potassium - Hexammino-
— 241 — 
.Cobalt(III) Chloride Exchange,
25°0, O.5ON
4# D.V.B. 8# D.V.B.
%B ^B ^B %B .
0.5951 0.001077 0.2616 0.0005252
. 0.5242 0.002046 0.5982 0.0007550
0.6467 0.004090 0.5185 0.0015100
0.7517 0.008820 0.6478 0.0052500
0.8275 0.018820 0.7577 0.0078500
0.8794 0.055480 0.8557 0.0166700
0.9152 0.052770 0.8907 0.0549500
0.9598 0.205800 0.9228 0.0552100
0.9715 0.5020000
12# D.V.B. 16# D .V.B.
0 .4158
0.5479
0.6841
0 .7786
0 .8575
0 .8897
0.9145
0.9686
=B.
0.0006461
0.0015997
0.0055520
0.0091460
0.0245200
0.0450000
0.0655100
0.5555000
B represents the
"B XB
0 .2787 0 .0002154
0 .5 5 2 6 0 .0012920
0.6771 0.0036590
0 .7855 0 .0116200
0 .8450 0.0252700
0 .8810 0.0445200
0 .9025 0 .0666500
0 .94 2 0 0 .1850000
0 .9698 0 .3986000
Co(NHj)g 3+ ■xon.
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Potassium-Tris(ethylenediamine )Cobalt(III) Chloride
Exchange, 25°C
0.25N
4# D.V.B. 8# D.V. B.
^B % ^B ^B
0.2590 0.000285 0.2665 0.000142
0.5905 0.000425 0.5951 0.000285
0.5149 0.000708 0.5241 0.000425
0.6589 0.001557 0.6745 0.001420
0.8165 0.005216 0.7855 0.002125
0.8659 0.007642 0.8820 0.008066
0.9556 0.021510 0.9140 0.016560
0.9711 0.095240 0,9574 0.022210
0.9659 0.045280
0.50N
4# D.V.B. # D.V.B.
"B XB XB XB
0.5869 0.001559 0.2600 0.000496
0.5146 . 0.002620 0.5854 0.000921
0.6290 0.004594 0.5475 0.002820
0.7416 0.008565 0.6272 0.005475
0.8298 0.017790 0.7545 0.008565
0.8810 0.029900 0.8217 0.016500
0,9194 0.048900 0.8758 0.050550
0.9472 O.O9256O 0.9079 O.049I8O
0.9645 0.175200 0.9442
0.9697
0.112800
0.286000
B represents Co(en)^ ion.
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Calcium-Cadmium Exchange,25 C.
0.10N , 8# DVB
Chloride Nitrate
%Cd %0d ^Gd
0.0189 0.0760 0.1210 0.1228
0.0454 0.1658 0.1874 0.2115
0.1155 0.5758 0.2594 0.5052
0.1557 0.4522 0.3222 0.5885
0.1869 0.5562 0.4041 0.5110
0.2492 0.6501 0.4737 0.5917
0.5256 0.7416 0.5550. 0.6809
0.4559 0.8487 0.6288 0.7548
L uni-Zinc Exchange,25°C.
0.10N , 8% DVB
Chloride Nitrate
^Zn ^Zn %Zn ^Zn
0.0428 0.0705 0.1058 0.1612
0.1007 0.1787 0.1584 O.25I8
0.1479 0.2618 0.2282 O.55O6
0.1982 0.5496 0.2795 0.4574
0.2701 0.4444 0.5451 0.5250
0.5226 0.5290 0.4260 O.6O5O
0.4164 0.6528 0.5182 0.7122
0.4640 0.6951 0.5910 0.7816
0.5548 0.7852 0.6559 0.8528
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Calcium-Nickel Nitrate Exchange,25°G
0.1 OH , 8fo DVB
^Ni
0.1067 0.1428
0.1568 0.2182
0.2367 0.3257
0.3052 ' 0.4302
0.3728 ■ 0.5141
0.4644 0.6069
0.5350 0.7115
0.6166 0.7823
0.6527 0.8288
Galcium-Gobalt Nitrate Exchange,25°0
0.10N , 8% DVB
^Go %Go
0.1158 0.1625
■0.1668 0.2427
0.2229 0.3385
0.3027 0.4423
0.3911 0.5528
0.4491 0.6226
0.5531 0.7389
0.6574 0.8327
0.7140 0.8743
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